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PREFACE 


Aircraft  must  maintain  structural  integrity  relative  to  many  sources  of  damage  such 
as,  for  example,  fatigue  cracking  or  corrosion.  Military  aircraft  must  also  withstand,  as  far 
as  is  practicable,  damage  inflicted  by  hostile  military  weapons.  The  resistance  of  the 
structure  to  the  impact  of  projectiles  is  an  important  parameter  in  considerations  of 
vulnerability.  It  is  necessary  to  determine  the  impact  failure  characteristics  of  the  structure 
under  load,  »nd  its  residual  strength  after  damage.  The  detail  design  features  of  the 
structure  are  important  in  determining  the  spread  of  the  damage.  Where  neighbouring 
systems  or  fuel  tanks  are  vulnerable,  the  degree  of  penetration  of  the  projectile  into  the 
structure  is  important.  Blast  and  fragmentation  effects  must  be  considered. 

This  Design  Manual  has  therefore  been  produced  by  the  Structures  and  Materials 
Panel  to  aid  the  designer  in  making  assessments  of  the  tolerance  of  the  structure  to  various 
threats  and  the  probability  of  the  aircraft  surviving  the  impact,  completing  the  mission  and 
returning  safely  to  base.  It  describes  methods  which  exist  to  determine  both  the  damage 
resulting  from  the  impact  of  various  types  of  projectiles  and  the  resulting  capabilities  of 
the  damaged  structure.  It  also  embraces  an  analogous  problem,  arising  mainly  on  transport 
aircraft,  of  the  resistance  of  the  structure  to  impact  of  debris  from  engine  disintegration. 

The  Manual  is  divided  into  three  Sections,  Section  I  dealing  with  the  projectile  threats, 
Section  II  with  analysis  methods  and  Section  III  with  design  guidelines. 

The  Structures  and  Materials  Panel  was  very  fortunate  from  the  outset  in  securing  the 
services,  as  Coordinator,  Compiler  and  Editor  of  the  Manual,  of  Mr  John  G.Avery  of  the 
Boeing  Company,  Seattle,  who  is  world  renowned  as  an  expert  in  the  field  of  impact  damage 
tolerance  of  structures.  An  essential  feature  of  AGARD  activities  is  the  pooling  of  relevant 
knowledge  with  the  NATO  community  aided  by  the  bringing  together  of  specialists  for 
informed  discussions.  This  occurred  both  within  the  Working  Group  on  Impact  Damage 
Tolerance  of  Structures  and  also  at  the  Specialists’  Meeting  held  in  Ankara  in  September 
1975  (see  AGARD  Conference  Proceedings  CP- 186).  The  Panel  is  therefore  deeply  indebted 
not  only  to  Mr  Avery,  for  his  outstanding  efforts,  largely  single-handed,  in  compiling  this 
Manual,  but  also  to  all  those  others  who  have  provided  valuable  information  and 
contributions,  especially  those  listed  by  name  in  the  preliminary  pages. 


N.F.HARPUR 
Chairman,  Working  Group 
on  Impact  Damage  Tolerance 
of  Structures 


CONTENTS 


Page 


PREFACE  iii 

AUTHOR’S  NOTE  vii 

INTRODUCTION  ix 

SECTION  I  -  DESCRIPTION  OP  PROJECTILE  THREATS  1 

1.1  MILITARY  PROJECTILES  1 

1.1.1  Nan-Exploding  Projectiles  1 

1.1  J  Exploding  Projectiles  13 

\a  ENGINE  DEBRIS  PROJECTILES  18 

1.3  REFERENCES  AND  BIBLIOGRAPHY  23 

SECTION  II  -  ANALYSIS  METHODS  FOR  PREDICTING  STRUCTURAL  RESPONSE  TO  PROJECTILE  IMPACT  23 

2 JO  ANALYSIS  METHODS  FOR  PREDICTING  STRUCTURAL  RESPONSE  TO  PROJECTILE  IMPACT  27 

2.0.1  General  Approach  to  Impact  Damage  Tolerance  Analysis  27 

2.0.1. 1  Factors  Determining  the  Structural  Capability  of  Projectile  Damaged  Structure  28 

2.0.1.2  Incorporation  of  Proballstic  Events  28 

2.0.2  Overview  of  the  State-of-the-Art  in  Impact  Damage  Tolerance  Analysis  Methods  33 

2.1  ANALYSIS  METHODS  FOR  BALLISTIC  PENETRATION  36 

2.1.1  Ballistic  Limit  Assessment  36 

2. 1.1.1  Ballistic  Limit  Assessment  for  Metallic  Structure  37 

2. 1.1.2  Ballistic  Limit  Assessment  for  Fiber  Composite  Structure  41 

2.1  J.  Projectile  Degradation  Due  to  Penetration  42 

2.2  ANALYSIS  METHODS  FOR  BALLISTIC  DAMAGE  SIZE  AND  TYPE  43 

2.2.1  Damage  Caused  by  Nan-Exptoding  Projectiles  43 

2.2. 1.1  Non-Exploding  Projectiles  Impacting  Metals  45 

2.2. 1.1.1  Non-Exploding  Projectiles  Impacting  Metal  -  Discussion  of  Parameters 

Influencing  Damage  45 

2.2. 1.1.2  Non-Exploding  Projectiles  Impacting  Metals  -  Damage  Size 

Predial  on  52 

2.2.1. 1.3  Non-Exploding  Penetrators  Impacting  Metals  -  Damage 

Type  Prediaion  65 

2.2.1. 1.4  Non-Exploding  Penetrators  Impacting  Metals  -  Damage  Orientation 

Prediaion  65 

2.2.1.2  Non-Exploding  Projeailes  Impaaing  Fiber  Composites  69 

2.2. 1.2.1  Non-Exploding  Projeailes  Impaaing  Fiber  Composites  - 

Discu  lion  of  Parameters  Influencing  Damage  69 

2.2.1.2.2  Non-Exploding  Penetrators  Impaaing  Graphite/Epoxy  -  Damage 

Size  Prediaion  77 

2.2.2  Damage  Caused  by  Higt  Explosive  (HE)  Projectiles  79 

2.2.2. 1  Prediaion  of  Damage  Caused  by  Fragments  from  HE  Projeailes  85 

2.2.2.1.1  Charaaeristics  of  the  Fragment  Distributions  from  HE  Projeailes  85 

2.2.2. 1.2  The  BR-2  Computer  Code  for  Prediaing  Fragment  Damage  92 

2.2.2.2  Prediaing  Damage  Caused  by  Blast  from  HE  Projeailes  102 

2.2.2.2.1  Dynamic  Pressure  Loadings  Induced  by  HE  Projeailes  103 

2.2.2.2.1.1  Shock  Overpressure  103 

2.2.2.2.1.2  Confined  Gas  Pressure  108 

2.2.2.2.2  Fundamental  Aspeas  of  the  Response  of  Struaure  to  Blast  Pressire 

Loadings  111 

2.2.2.2.3  Analysis  Methods  for  Prediaing  Struairal  Response  113 

2.2.2.2.3.1  Finite  Element  Analysis  113 

2.2.2.2.J.2  Finite  Difference  Analysis  125 


IV 


CONTENTS 

(CONTINUED) 

Page 


2.2.2.2. X3  Dynamic  Plat*  Analysis  123 

2.2.2.2. X4  Equivalent  Static  Load  Method  of  Analysis  123 

2.2.2.2. X5  Critical  Impulse  Failure  Criteria  13% 

2. 2.2.2. 3.6  Empirical  Failure  Criteria  for  Components  13% 

2.2.3  Dam  ay  Caused  by  Engine  Debris  Projectiles  13% 

2.2.3. 1  Description  of  Engine  Debris  Projectiles  13% 

2.2.5.2  Encounter  Parameters  139 

2.2.X3  Typical  Terminal  Effects  139 

2.2.%  Hpfrodynamic  Ram  Damage  140 

2.2.4. 1  Hydrodynamic  Ram  Leadings  and  Response  1%0 

2.2. 4.2  Hydrodynamic  Ram  Phenomonology  142 

2.2.4.2.1  ShockWaves  142 

2. 2. 4.2.2  Drag  Pressure  142 

2.2.4.2.3  Fluid/Structure  Interaction  144 

2.2.4.2.4  Structural  Response  and  Failure  143 

2.2.4.3  Status  of  Hydrodynamic  Ram  Analysis  144 

2.2.4. 3.1  Trajectory  and  Fluid  Pressure  Analysis  147 

2.2.4. 3.2  Fluid/Structure  Coupling  131 

2.2.4.X3  Structural  Response  Analysis  131 

2.3  EFFECTS  OF  CYCLIC  LOADING  ON  PROJECTILE  IMPACT  DAMAGE  133 

2. XI  Fatigue  Crack  Initiation  133 

2.3.1. 1  Crack  Initiation  From  Ballistic  Damage  133 

2.3. 1.2  Crack  Initiation  In  Adjacent  Undamaged  Structure  153 

2.X 2  Fatigue  Crack  Growth  133 

2. 3.2.1  Crack  Growth  Analysis  for  Metallic  Structure  154 

2. 3. 2.2  Damage  Extension  Analysis  for  Fiber  Composite  Structure  137 

2.4  STIFFNESS  DEGRADATION  OF  IMPACT  DAMAGED  STRUCTURE  159 

2.4.1  Stiffness  Deyadttion  of  Damaged  Structural  Elements  139 

2.4.2  Stiffness  Degradation  of  Structural  Components  159 

2.5  STRENGTH  DEGRADATION  OF  IMPACT  DAMAGED  STRUCTURE  161 

2. XI  Analysis  of  Monolithic  Panels  Containing  Impact  Damagr  161 

2.3.1. 1  Conventional  Fracture  Mechanics  Applied  to  Ballistic  Damage  163 

2.X1.1.1  Effect  of  Damage  Geometry  164 

2.3.1. 1.2  Effect  of  Damage  Spacing- Multi  pie  Impact  Damage  169 

2.5.1. 1.3  Additional  Factors  Influencing  Tensile  Fracture  17*- 

2.3.1. 2  Modified  Fracture  Mechanics  178 

2.5. 1.2.1  Effective  Critical  Stress  Intensity  Factor  for  Projectile  Damage  17S 

2.5. 1.2.2  Addition!  Residual  Strength  Pred  ction  Techniques  for  Fiber 

Composites  184 

2.5.1. 3  Dynamic  Effects  Associated  With  Strength  Degradation  189 

2.3.1. 3.1  Effect  of  Applied  Tensile  Load  189 

2.3.1. 3.2  Dynamic  Stress  Intensity  Factors  192 

2.5.1.4  Effect  of  Combined  Stress  193 

2.32  Analysis  of  Multiple  Load  Path  Panels  Containing  Impact  Damage  195 

2.3.2. 1  Analytical  Approach  193 

2.3.2.2  Finite  Element  Analysis  197 

2.5.2. 3  Engineering  Analysis  Method  200 


v 


CONTENTS 

(CONCLUDED) 


i 

i 

f 

f 

1 


2.5.3  Analyds  of  Multi-Element  Struct***  Containing  Impact  Damage 

2.5.3. 1  Finite  Element  Analysis  Techniques  lor  Damaged  Structure 

2.5.3.2  Application  of  Finite  Element  Techniques  to  Damaged  Structure 

2.6  REFERENCES 

SECTION  m-  DESIGN  GUIDELINES  FOR  IMPACT  DAMAGE  TOLERANCE 

3.0  DESIGN  GUIDELINES  FOR  IMPACT  DAMAGE  TOLERANCE 

3.1  DESIGN  METHODOLOGY  FOR  ACHIEVING  IMPACT  DAMAGE  TOLERANCE 

3.1.1  Design  Methodology  Overview 

3.1. 1.1  Determination  of  Structural  Requirements 

3.1. 1.2  Determination  of  the  Capability  of  Damaged  Structure 

3.1. 1.3  Structural  Survivability  Assessment 

3.1.2  Design  Methodology  Elements 

3.1.2. 1  Structural  Survivability  Assessment 

3. 1.2.2  Design  Threat  Definition 

3.1.2.3  Mission  Definition 

3. 1.2.4  Threat  Encounter  Definition 

3.1.2. 5  Critical  Structure  Identification 

3.1.2.6  Damage  Size  Determination 

3.1.2. 7  Residual  Strength 

3.1. 2.7.1  Strength  Requirements  At  Impact 

3.1.2.7.2  Strength  Requirements  After  Impact 
3.1.2.S  Cyclic  Loading  Alter  Impact 

3. 1.2.9  Rigidity  and  Stiffness  After  Impact 

3.2  DESIGN  TECHNIQUES  FOR  ACHIEVING  IMPACT  DAMAGE  TOLERANCE 


AUTHOR'S  NOTE 


This  Design  Manual  was  prepared  as  the  primary  task  of  the  Impact  Damage  Tolerance  Working  Group  formulated  by 
the  Structures  and  Materials  Panel)  with  N.  F.  Harpur  of  British  Aerospace  serving  as  the  originator  and  guiding  light 
of  the  effort.  The  objective  of  the  Manual  is  to  describe  a  methodology  for  incorporating  projectile  Impact  damage 
tolerance  into  structural  design,  with  the  aim  of  improving  inherent  survivability.  The  scope  of  the  work  includes 
military  projectiles  and  engine  debris. 

As  its  title  implies,  the  Design  Manual  is  intended  for  structural  designers  and  technologists  having  little  prior 
knowledge  of  projectile  impact  phenomena  and  weapon  effects.  An  early  goal  was  to  avoid  the  necessity  of  security 
classification,  as  it  was  felt  that  this  would  restrict  its  accessibility  to  designers.  As  a  result,  the  data  presented  is 
limited  in  scope.  Within  this  context,  the  user  should  regard  the  Manual  as  a  guide  in  defining  methods  and 
identifying  the  type  of  data  required  for  impact  damage  tolerant  design,  rather  than  as  a  source  of  data  pertaining  to 
the  nature  and  effects  of  specific  threats. 

The  Manual  was  prepared  in  three  sections  using  Information  available  to  the  author,  most  of  it  developed  under  the 
sponsorship  of  the  U.S.  Department  of  Defense.  Each  section  was  separately  submitted  for  public  release  approval 
and  distributed  to  Working  Group  members  for  technical  review.  This  process  began  in  1977,  and  has  only  recently 
been  concluded  following  fairly  major  revisions  undertaken  in  19S9  to  satisfy  release  requirements. 
Mr.  Keith  I.  Collier,  Deputy  Director  of  the  Flight  Dynamics  Laboratory,  AFWAL,  coordinated  the  final  release 
activity  and  deserves  special  thanks  for  his  interest  and  effort. 

The  author  would  like  to  thank  all  those  who  read  the  manuscripts  and  submitted  review  comments.  Mr.  D.  W.  Voyls 
of  AFWAL  spent  many  hours  reviewing  the  entire  Manual  and  the  implementation  of  his  suggestions  has  made  a 
significant  contribution  in  content  and  releasability.  Mr.  K.  T.  Shaw  of  the  RAE  provided  detailed  commentary  which 
resulted  in  substantial  improvements  to  Section  I.  Special  tharirs  is  also  extended  to  Messrs.  3.  Olsen,  C.  Wallace, 
and  L.  Kelly  of  AFWAL,  and  W.  Kirkby  and  R.  Anstee  from  the  Structures  Department  of  the  RAE.  Because  of  the 
urgencies  of  the  printing  schedules,  some  excellent  recommendations  for  improvement  could  not  be  implemented, 
including  the  reduction  of  duplication  between  Sections  I  and  n. 

With  regard  to  preparing  the  Manual,  I  would  like  to  acknowledge  the  contributions  of  Mr.  T.  R.  Porter  of  the  Boeing 
Military  Airplane  Company.  Much  of  the  format,  content,  and  philosophy  of  the  Manual  remains  from  his  prior 
efforts.  The  same  comments  apply  to  Mr.  R.  3.  Bristow,  also  of  Boeing,  whose  early  wo.k  established  the  approach 
used  for  later  developments  in  ballistic  damage  prediction  and  residual  strength  assessment.  Ms.  S.  3.  Bradley,  again 
of  Boeing,  has  been  instrumental  in  preparing  the  Manual  from  all  standpoints,  including  technical  contributions, 
editing,  formatting  and  reviewing.  The  notable  work  of  Messrs.  M.  3.  Jacobson  and  M.  M.  Ratwar',  and  their 
coworkers  at  Northrop  Corporation,  3.  R.  Yamane  and  3.  Brass,  provided  valuable  source  material  for  portions  of  the 
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INTRODUCTION 


Aircraft  must  maintain  structural  integrity  relative  to  many  types  of  damaging  mechanisms  including  for  example, 
fatigue,  non-detec  table  Initial  defects  and  in-flight  damage  such  as  that  Inflicted  by  military  weapons  or  by  debris 
from  disintegration  of  an  engine.  While  the  design  methodology  for  some  of  these  is  well  established  within  the 
structural  design  disciplines,  that  for  in-flight  damage  has  not  been  widely  distributed  to  designers. 

The  resistance  of  the  structure  to  the  impact  of  projectiles  is  an  important  parameter  in  consideration  of  the 
vulnerability  of  military  aircraft.  Information  on  this  subject  is  contained  in  ACARD  Advisory  Report  AR-%7 
"Physical  Vulnerability  of  Aircraft”.  However  there  is  a  need  for  considerable  augmentation  of  this  information, 
extending  the  scope  to  include  design  methodology.  The  Structures  and  Materials  Panel  of  AGARD,  recognizing  this 
need,  commissioned  the  preparation  of  this  Design  Manual. 

The  overall  objective  of  the  Manual  is  to  Inform  designers  of  tlw  general  character  of  projectile  threats  and  available 
analysis  methods  for  predicting  damage  and  strength  degradation,  and  to  outline  a  methodology  for  incorporating 
projectile  damage  tolerance  into  the  structural  design  of  aircraft.  Toward  this  end,  the  Manual  contains  three  major 
sections; 

Section  I  -  Description  of  Projectile  Threats 

Section  n  -  Analysis  Methods  for  Predicting  Structural  Response  to  Projectile 

Impact 

Section  HI  -  Design  Guidelines  for  Impact  Damage  Tolerance 

Section  I  describes  projectile  types,  important  encounter  parameters,  and  typical  terminal  effects,  written  primarily 
for  the  aircraft  designer  rather  than  the  vulnerability  or  weapons  effects  specialist.  The  intent  is  to  provide  a  very 
general  overview  useful  to  an  individual  having  little  familiarity  with  projectiles  and  their  effects.  Vulnerability  and 
weapons  effects  specialists  have  more  specific  and  often  classified  dcta,  and  should  be  consulted  as  required  in  design 
applications. 

Section  II  presents  analysis  methods  and  data  available  for  predicting  the  response  of  metal  and  fiber  composite 
structure  to  projectile  impact.  The  analysis  methods  discussed  are  applicable  to  impacts  by  small  arms  projectiles, 
missile  warhead  fragments,  and  the  fragmentation  and  blast  effects  of  high-explosive  projectiles.  The  responses 
addressed  include  penetration  capability,  damage  size  and  type,  strength  and  stiffness  degradation  of  damaged 
structure,  and  internal  load  redistribution. 

Section  III  summarizes  a  design  methodology  for  Implementing  projectile  damage  tolerance  within  structural  design 
disciplines,  developing  methods  and  requirements  within  a  format  that  is  compatible  with  existing  damage  tolerance 
procedures. 


SECTION  I 


DESCRIPTION  OF  PROJECTILE  THREATS 


SECTION  I 

1.0  DESORPTION  OF  PR03ECTT.E  THREATS 


1 


Evaluating  the  degradation  of  aircraft  structure  resulting  from  projectile  impact  requires  a  knowledge  of  the 
threat  and  encounter  conditions.  This  is  necessary  in  understanding  the  failure  mechanisms  and  structural  response 
modes  induced  by  the  various  types  of  threats.  The  objective  of  this  Section  is  to  acquaint  the  aircraft  structural 
designer  with  projectile  types,  important  encoun.er  parameters,  and  typical  terminal  effects.  The  section  provides  basic 
information  that  will  be  helpful  in  understanding  the  analysis  of  structural  response  to  impact  and  the  design  guidelines 
for  impact  damage  tolerance  presented  in  Sections  II  and  III. 

Following  the  overall  objective  of  the  Manual,  this  Section  is  written  for  the  aircraft  designer  rather  than  the 
vulnerability  or  weapons  effects  specialist.  The  intent  is  to  provide  a  very  general  overview  useful  to  an  individual 
having  little  familiarity  with  projectiles  and  their  effects.  Vulnerability  and  weapons  effects  specialists  have  more 
specific  and  often  classified  data,  and  should  be  consulted  as  required  in  design  applications. 

The  subsequent  discussion  is  organized  as  shown  below,  reflecting  the  two  categories  of  projectiles  addressed  in  the 
Manual:  military  projectiles  and  engine  debris.  Military  projectiles  of  concern  in  aircraft  design  can  be  loosely 
cataloged  into  two  generic  types: 

(a)  Non-exploding  projectiles; 

(b)  Exploding  projectiles. 

The  non-exploding  projectile  is  typically  a  penetrator  that  strikes  the  aircraft  exterior  intact  and  produces  no 
accompanying  blast  effects.  Examples  of  military  non-exploding  projectiles  include  small-arms  projectiles,  certain  AAA 
(Anti-aircraft  Artillery)  projectiles,  and  missile  warhead  fragments.  An  exploding  projectile  contains  an  explosive 
charge  and  a  fuzing  mechanism,  and  both  fragment  penetrators  and  blast  overpressures  are  generated.  Exploding 
projectiles  are  fired  from  AAA  weapons. 

Engine  debris  projectiles  are  formed  from  the  structural  failure  of  rotating  engine  components,  with  subsequent 
escape  irom  the  engine  case.  These  projectiles  can  resemble  fragments  generated  from  military  threats,  but  have  unique 
characteristics  which  require  separate  consideration. 

This  section  is  organized  as  follows: 

1.1  Military  Projectiles 

1.1.1  Non-exploding  Projectiles 

1.1. 1.1  Types 

1.1. 1.2  Encounter  Parameters 

1.1. 1.3  Typical  Terminal  Effects 

1.1.2  Exploding  Projec*iles 

1. 1.2.1  Types 

1. 1.2.2  Encounter  Parameters 

1. 1.2.3  Typical  Terminal  Effects 

1.2  Engine  Debris  Projectiles 

1.2.1  Description  of  Engine  Debris  Projectiles 

1.2.2  Encounter  Parameters 

1.2.3  Typical  Terminal  Effects 

1.1  MILITARY  PROJECTILES 

1.1.1  Non-Exploding  Projectiles 

1.1. 1.1  Types 

An  important  category  of  non-exploding  projectiles  are  the  "small-arms"  projectiles,  primarily  the  7.62-mm,  the 
12.7-mm,  and  the  14,5-mm,  These  projectiles  consist  of  a  solid  metal  core  (often  called  the  "penetrator")  usually 
surrounded  by  a  thin  metal  jacket.  Non-exploding  projectiles  of  caliber  greater  than  14.5-mm  are  generally  classified  as 
AAA  (Anti-aircraft  Artillery)  or  cannon  projectiles.  The  most  notable  of  these  is  the  23-mm. 

There  are  several  types  of  non-exploding  projectiles  including:  ball  (B),  armor  piercing  (AP),  incendiary  (I),  and 
tracer  (T).  Ball  projectiles,  typically  available  in  7.62-mm  only,  have  a  relatively  soft  core  designed  to  deform  at 
impact,  and  are  intended  for  use  against  personnel.  In  forward  area  combat  situations,  however,  they  may  be  fired 
against  aircraft.  Armor  piercing  projectiles  have  a  hardened  steel  core  designed  for  penetrating  hard  targets,  including 
aircraft.  Incendiary  projectiles  contain  a  theimaliy  active  filler  that  functions  at  impact  and  can  ignite  on-board 
flammables  such  as  fuel  or  hydraulic  fluid.  Tracers  contain  material  that  burns  brightly  along  the  flightpath  for 
assistance  in  aiming  and  sighting.  Many  projectiles  combine  some  of  the  above  capabilities.  For  example,  the  7.62-mm 
APi  is  armor  piercing-incendiary,  and  the  23-mm  API-T  is  armor  piercing-incendiary-tracer. 

Photographs  of  typical  small-arms  projectiles  are  contained  in  Figures  1-1,  1-2,  and  1-3.  These  figures  show 
sectioned  projectiles,  illustrating  the  relationship  between  jacket,  core,  and  incendiary.  In  addition,  Table  1-1  shows 
typical  weight  and  size  characteristics  of  representative  small-arms  and  AAA  non-exploding  projectiles.  In  most 
instances,  small-arms  fire  emanates  from  ground  based  weapons.  7.62-mm  projectiles  (both  ball  and  armor  piercing)  are 
typically  fired  by  infantry  using  assault  rifles  or  bipod  mounted  machine  guns.  The  machine  guns,  in  particular,  can  have 
a  high  rate  of  fire  and  are  a  threat  to  slow  and  low  flying  aircraft  within  range.  The  12.7-mm  threat  typically  consists 
of  a  carriage  mounted  heavy  machine  gun  with  quad  barrels  providing  a  fairly  high  rate  of  fire.  Another  anti-aircraft 
defense  weapon,  the  14.5-min  heavy  anti-aircraft  machine  gun,  has  been  known  to  be  effective  against  aircraft  flying  at 
moderate  subsonic  speeds.  The  larger  caliber  projectiles  are  most  frequently  fired  from  ground-based  weapons  (AAA), 
but  may  also  be  fired  from  airborne  cannon.  The  23-mm  armor-piercing  incendiary,  fired  from  radar  controlled  AAA 
guns  having  a  very  high  rate  of  fire,  is  a  significant  threat. 

The  final  type  of  non-exploding  military  projectile— missile  warhead  fragments— emanate  from  surface-to-air 
missiles  (SAM)  or  air-to-air  missiles  (AAM).  Missile  fragmentation  warheads  often  consist  of  an  explosive  charge 
surrounded  by  a  wall  of  preformed  metal  fragments,  or  a  prescored  or  solid  metal  casing.  Figure  1-4  shows  some 
warhead  assemblies  using  preformed  fragments. 
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Figure  1-1.  Sectioned  7,62-mm  Pro/ectilae 
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Figure  1-2.  Typical  Srreil-Armt  Projectile* 
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The  warheads  generally  have  a  proximity  fuze.  At  detonation,  the  fragments  are  propelled  outward  at  high 
velocities  (10,000  feet  per  second  in  static  detonation  is  not  uncommon).  The  shape  and  weight  of  individual  fragments 
depend  on  the  warhead  type.  Figure  1-5  shows  some  preformed  fragment  shapes.  Cubical  or  diamond-shaped  fragments, 
ranging  in  weight  from  approximately  50  to  200  grains,  represent  typical  warhead  fragment  threats. 


Although  missile  warhead  fragments  are  treated  here  as  non-exploding  penetrators,  they  may  be  accompanied  by 
blast  overpressure  from  the  detonation.  The  intensity  of  the  overpressure  depends  on  the  warhead  miss-distance.  In 
addition,  it  should  be  clear  that  warhead  encounters  invariably  result  in  multiple  fragment  impacts,  providing  the 
potential  for  interacting  effects  between  impacts,  and  for  damaging  several  structural  members. 

1.1. 1.2  Encounter  Parameters 

Striking  velocity,  projectile  attitude  (yaw),  and  angle  of  obliquity  are  the  encounter  parameters  that  must  be 
specified  in  order  to  assess  penetration  and  damage  capability.  These  parameters  are  illustrated  in  Figure  1-6  and 
defined  below.  Missile  warhead  fragments,  representing  multiple  impact  encounters,  are  additionally  characterized  by 
fragment  impact  density;  i.e.,  the  number  of  fragments  impacting  per  unit  area. 


INITIAL  IMPACT  SUBSEQUENT  IMPACT 


Figure  1-8.  Definition  of  Encounter  Parameters 


Striking  Velocity 

The  striking  velocity  is  the  relative  velocity  between  projectile  and  aircraft  at  the  instant  of  impact.  Figure  1-7 
shows  a  typical  "range-velocity"  chart  for  several  small-arms  projectiles.  These  curves  are  developed  from  ballistic 
trajectories  obtained  from  solutions  to  the  equations  of  motion,  given  an  angle  of  trajectory,  an  initial  (muzzle)  velocity, 
and  a  ballistic  coefficient.  Once  the  striking  velocity  has  been  specified,  the  kinetic  energy  of  the  impacting  bullet  can 
be  found  conveniently  using  the  impact  energy  nomograph  shown  in  Figure  1-8. 


Figure  1-8.  Penetretor  Impact  Energy  Nomograph 
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Projectile  Attitude  (Yaw) 

The  projectile  attitude  or  yaw  is  the  angle  between  the  projectile  longitudinal  axis  and  the  projectile  flight  path, 
and  varies  from  "aligned"  (O-degree)  to  "fully  tumbled"  (90-degrees). 

Angle  of  Obliquity 

Angle  of  obliquity  refers  to  the  angle  between  a  normal  to  the  target  surface  and  the  projectile  flight  path.  For 
example,  an  angle  of  obliquity  approaching  90-degrees  represents  a  "grazing"  impact.  The  terms  "angle  of  obliquity"  and 
"impact  angle"  have  often  been  used  interchangeably. 

A  frequent  application  of  encounter  parameters  in  design  is  to  specify  them  as  part  of  the  design  criteria,  often 
reflecting  anticipated  typical  or  worst  case  conditions.  For  example,  a  typical  encounter  condition  criteria  for  a  low- 
flying  aircraft  might  read: 

Striking  velocity:  2,000  feet  per  second, 

Angle  of  obliquity;  Normal  impact, 

Proiectile  attitude:  Aligned  or  fully  tumbled. 

An  alternate  approach  is  to  determine  encounter  conditions  from  operational  analyses  wherein  the  aircraft  is  flown 
through  a  postulated  mix  of  weapon  threats.  These  "end  game"  analysis  results  can  be  used  to  provide  the  most  probable 
conditions  for  use  as  design  criteria. 

Since  both  aircraft  and  projectile  are  moving  at  the  time  of  impact,  encounter  parameters  must  he  assessed 
"relative  to"  the  aircraft.  For  example,  the  relative  velocity  between  aircraft  and  projectile  introduces  a  yaw  with 
respect  to  the  relative  flightpath,  even  though  the  projectile  may  be  unyawed  with  respect  to  its  own  flightpath. 
Figure  1-9  shows  a  useful  geometry  for  defining  encounter  conditions,  specifying  the  projectile  flightpath  by  azimuth  and 
elevation  angles.  In  Figure  I -10,  equations  derived  from  the  flight  path/trajectory  geometry  are  used  to  solve  for  the 
encounter  parameters  in  a  sample  problem.  The  resulting  values  for  striking  velocity,  obliquity  angle  and  yaw  can  be 
used  for  component  penetration  and  damage  assessment,  since  they  are  expressed  in  a  reference  system  within  the 
aircraft. 


Figur e  f-SL  Geometry  for  Etteblithing  Encounter  Conditions 
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Figure  1-10.  Semple  Problem  Solving  for  Encounter  Peremeten  Pelotivo  to  Aircreft 


6 


The  encounter  parameters  described  above  (striking  velocity,  yaw,  and  angle  of  obliquity)  are  applicable  to  all 
projectile  impact  encounters.  An  additional  parameter,  fragment  density,  is  significant  for  missile  warhead  encounters. 
Figure  1-11  is  a  schematic  representation  of  a  fragment  spray  pattern  resulting  from  a  warhead  detonation.  The  angular 
extent  of  the  fragment  pattern  is  determined  by  the  characteristics  of  the  warhead  and  the  terminal  velocity  of  the 
missile.  The  corresponding  area  enclosing  fragments  increases  with  distance  from  detonation.  Thus,  the  number 
fragments  impacting  per  unit  area  of  aircraft  surface  is  primarily  dependent  upon  miss-distance;  i.e.,  the  distance 
between  missile  and  aircraft  at  detonation. 


Figure  1 - 1 1.  Schematic  Rapraaantation  of  Mmaila  Warhead  Detonation 


1.1. 1.3  Typical  Terminal  Effects 

Military  projectiles  have  considerable  capability  to  penetrate  typical  aircraft  structure,  and  they  will  at  least 
partially  penetrate  even  the  heaviest  component.  This  penetration  capability  is  illustrated  in  Figure  1-12  for  a  .50 
caliber  armor-piercing  projectile  impacting  steel  or  aluminum  sheet.  The  ordinate  of  this  curve  is  the  V50  ballistic  limit, 
meaning  the  impact  velocity  at  which  50-percent  of  the  impacts  result  in  complete  penetration.  The  curve  indicates 
that  one-half  inch  aluminum  plate  can  be  penetrated  at  velocities  as  low  as  1100  feet  per  second. 

Projectile  penetration  damage  consists  of  cracking  and  material  removal  including  front  and  rear  surface 
spallation.  A  special  case  arises  when  the  projectile,  enters  a  cell  containing  liquid,  since  the  impact  shock  and  the 
dissipation  of  kinetic  energy  as  the  projectile  slows  down  within  the  liquid  leads  to  "hydrodynamic  ram"  pressures  acting 
against  the  cell  walls.  These  pressures  often  result  in  additional  structural  damage. 

Penetration  damage  has  diverse  characteristics  depending  on  the  projectile,  the  configuration  of  the  structure,  and 
the  encounter  conditions.  Damage  can  range  from  dents,  cracks,  and  holes,  to  large  petalled  areas  accompanied  by 
extensive  out-of-plane  deformation.  The  diverse  character  of  projectile  damage  raises  questions:  How  can  it  be 
quantified?  What  should  be  measured? 

Although,  there  are  several  meaningful  measures  of  penetration  damage,  lateral  damage  is  the  measurement  that 
has  been  found  most  useful  for  vulnerability  analysis.  Lateral  damage,  as  shown  in  Figure  1-13,  is  defined  as  the 
diameter  of  an  imaginary  circle  that  just  encloses  the  limits  of  cracking,  perforation  or  spallation  in  the  plane  parallel  to 
the  original  surface  of  the  sheet.  The  terms  "lateral  damage",' "damage  size",  and  sometimes  simply  "damage"  are  used 
synonomously. 

A  second  significant  measurement  when  stressed  panels  are  impacted  is  the  component  of  lateral  damage 
transverse  to  the  applied  load.  This  index  is  referred  to  as  transverse  lateral  damage,  often  abbreviated  as  TLD. 

Certain  characteristics  of  projectile  impact  damage  are  described  in  the  following  pages,  organized  into  three 
major  topic  areas: 

(a)  Non-Exploding  Penetrators  Impacting  Metallic  Structure; 

(b)  Non-Exploding  Penetrators  Impacting  Advanced  Fiber  Composite  Structure; 

(c)  Projectile  Penetration  into  Fluid-Filled  Containers. 
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Figure  1-12.  Penetration  Capability  of  Small-Arms  Projectiles 
Against  Typical  Aircraft  Structural  Materials 


Figure  1 - 13.  Lateral  Damage  Definition 


1.1. 1.3.1  Non-Exploding  Penetrators  Impacting  Metallic  Structure 

The  impact  damage  response  of  metals  depends  upon  many  interrelated  parameters.  Because  of  this,  there  is 
appreciable  scatter  in  the  test  data,  and  it  is  often  difficult  to  isolate  and  quantify  the  effect  of  individual  parameters. 
An  extensive  investigation  of  impact  damage  induced  in  metals  by  small  arms  projectiles  and  fragments  is  reported  in 
Reference  1-2.  This  reference  discusses  types  of  damage  and  the  parameters  that  influence  damage.  Some  results  from 
that  study  are  summarized  in  the  following  paragraphs. 


damage  Type 


Impact  damage  in  metal  sheet  and  plate  can  be  cracks,  spallation,  petals,  holes,  dents  or  gouges.  For  a  given 
target  material,  the  damage  type  depends  on  the  sheet  thickness,  and  the  projectile  velocity  and  angle  of  obliquity.  This 
is  illustrated  in  Figure  1-14. 


TARGET  THICKNESS  (In) 

Figure  1-14.  Damage  Type  Regime  Diagram,  .30  AP,  707S-T6 
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Figure  1-15.  Typical  Variation  of  Damage  Site 
With  Projectile  Velocity 


c  1  feet  of  Projectile  Velocity 

For  a  given  target  sheet  and  projectile  obliquity,  the  variation  of  projectile  striking  velocity  can  result  in  the 
response  shown  in  Figure  1-15,  which  also  illustrates  the  concepts  of  incipient  damage,  maximum  damage  and  high- 
velocity  damage.  This  response  is  characterized  by  a  maximum  lateral  damage  size  that  occurs  just  aDove  the  ballistic 
limit.  Fur..ier  increases  in  projectile  velocity  result  in  lesser  damage,  until  a  plateau  is  reached  called  the  high-velocity 
lateral  damage.  Velocity  increases  beyond  this  limit  do  not  produce  any  significant  change  in  damage  size,  mless 
velocities  can  be  reached  that  result  in  appreciable  projectile  break-up.  The  size  differential  between  the  maximum 
damage  and  the  high  velocity  damage  depends  primarily  on  sheet  thickness. 
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Figure  1-16  is  a  photograph  showing  the  effects  of  projectile  velocity  for  .30-caliber  AP  impacting  0.090-inch 
7075-T6  sheet.  The  increase  in  damage  with  reduced  velocity  is  evident. 


Figure  1- 1&  Effect  of  Pro/ectile  Velocity  on  Demege  Size 
(0.90  7075-T6  Impeded  by  .30  AP) 


Effect  of  Projectile  Obliquity 

The  angle  of  obliquity  (or  impact  angle)  has  a  pronounced  effect  on  damage  size.  The  following  are  generally  true 
regarding  obliquity  effects: 

1.  When  impact  angles  are  increased  and  other  conditions  held  constant,  the  maximum  lateral  damage  will  also 
increase  as  long  as  penetration  occurs. 

2.  The  velocities  required  for  incipient  lateral  damage,  maximum  lateral  damage  and  the  onset  of  high-velocity 
lateral  damage  increase  directly  with  obliquity  increase. 

Figure  1-17  illustrates  this  response  schematically,  and  Figure  1-18  is  a  photograph  showing  0.090-inch  7075-T6 
impacted  at  several  obliquities  with  velocity  held  constant.  There  is  a  dramatic  reduction  in  damage  size  caused  oy 
projectile  ricochet  as  the  impact  angle  increases  from  60  to  70-degrees. 

Effect  of  Projectile  Type 

When  projectiles  are  similar  in  shape  and  construction  but  differ  in  size,  it  is  generally  found  that  larger  projectiles 
produce  greater  damage.  When  this  similarity  is  not  present,  however,  it  is  not  possible  to  make  lateral  damage 
predictions  based  only  on  projectiles  size.  Projectile  tvpe  must  also  be  considered.  A  distinction  must  be  made  between 
ogive  bullets  and  compact  fragments,  for  example.  Spin-stabilized  ogive  projectiles  can  exert  significant  in-plane 
wedging  forces  that  contribute  to  panel  cracking  during  projectile  penetration.  Compact  fragments  tend  to  punch 
through  the  panel,  even  at  relatively  low  impact  velocities,  causing  a  different  mode  and  size  of  damage  as  illustrated  in 
Figure  1-19. 

Effect  of  Sheet  Thickness 


Damage  size  is  highly  dependent  on  sheet  thickness.  A  convenient  thickness  parameter  is  the  ratio  of  thickness  to 
projectile  presented  length  (t/Lp).  Typically,  as  t/Lp  ratios  are  increased  beyond  0.1,  the  maximum  lateral  damage  size 
increases  from  a  projectile-sized  hole  to  a  relatively  large  damage  area.  The  maximum  damage  occurs  at  t/Lp  values 
between  0.3  and  0.4  for  aluminum  and  titanium  alloys.  Increasing  t/Lp  ratios  beyond  0.4  reduces  the  lateral  damage  to  a 
projectile-sized  hole  that  may  be  accompanied  by  significant  amounts  of  spallation. 
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Figure  1-18.  Effect  of  Impact  Angle  on  Damage  Size 

(a90  707S-T6  Impacted  by  .30  Caliber  AP) 
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Figure  1-19.  Example  of  Effect  of  Projectile  Type  on  Character  ofDam^e 


The  typical  response  is  shown  graphically  in  Figure  1 -20(a).  It  should  be  kept  in  mind  that  since  lateral  damage 
also  depends  on  projectile  velocity,  this  figure  shows  the  largest  damage  (i.e.,  the  maximum  lateral  damage)  that  occurs 
for  each  given  t/Lp  ratio.  The  remaining  illustrations  in  Figure  1-20  demonstrate  the  parametric  effects  discussed 
previously,  namely:  the  effect  of  projectile  velocity,  obliquity,  and  projectile  type. 

Effect  of  Sheet  Material 


The  choice  of  material  will  have  a  marked  effect  on  the  resulting  size  and  type  of  damage,  since  materials  differ  in 
their  resistance  to  impact  damage.  A  cor  oarison  of  damages  produced  under  identical  impact  conditions,  changing  only 
target  material,  will  show  large  differences  in  damage  size.  It  was  shown  in  Reference  1-2  that  the  damage  sizes  for 
2024-T3,  2024-T81  and  7075-T6  aluminums  have  the  ratios  1,  2.2  and  5.1,  respectively.  On  the  same  basis,  the  ratio  for 
6A1-4V  titanium  was  found  to  be  1.8  with  regard  to  damage  resistance,  these  materials  rank  in  the  order  shown  below, 
with  the  first  having  the  highest  damage  resistance: 

1.  2024-T3; 

2.  6A1-4V; 

3.  2024-T81  j 

4.  7075-T6. 
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Paranr,aten  on  Gunfire  Damage  of  Metal  Structure 


Since  damage  tolerance  also  depends  on  material  properties,  material  selection  is  an  important  means  of  redlining 
structural  degradation  due  to  battle  damage. 

Effect  of  Applied  Stress 

If  the  tensile  stress  level  is  sufficiently  high,  unstable  crack  propagation  may  occur  at  impact,  resulting  in  an 
extension  of  damage  beyond  that  obtained  from  lower  stressed  pane’s.  Often,  the  stress  level  causing  impact  fracture 
(called  "impact  fracture  strength"  or  "threshold  stress")  is  lower  than  the  stress  required  to  fracture  the  panel  containing 
equivalent  damage  inflicted  without  applied  stress.  Applied  stress  levels  below  this  value  may  have  a  small  influence  on 
damage  size  and  orientation;  however,  the  extent  of  these  effects  has  not  yet  been  established. 

1.1. 1.3.2  Non-Exploding  Penetrators  Impacting  Fiber  Composite  Structure 

There  have  been  a  number  of  programs  investigating  the  response  of  advanced  fiber  composite  structure  (primarily 
graphite/epoxy)  to  projectile  impact  (Ref.  1-3  for  example).  These  studies  have  shown  that  the  unique  characteristics  of 
composite  materials  can  have  a  significant  influence  on  damage  response.  Some  of  the  properties  that  influence 
projectile  damage  are  (1)  the  orthotropic  strengths  and  stiffness  of  the  plies,  (2)  the  low  ductility  of  the  fibers,  (3)  and 
iow  interlaminar  strength.  Characteristic  damage  responses  observed  in  fiber  composite  structural  configurations  are 
discussed  in  the  following  paragraphs. 


Damage  Type 


The  results  of  examining  graphite/epoxy  laminates  damaged  by  small  arms  projectiles  and  fragments  are  reported 
in  Reference  1-3.  The  damage  modes  illustrated  in  Figure  1-21  were  noted  from  this  examination  including  perforation, 
delamination,  peeling,  fiber  fracture  and  gouging. 


1  FEWFORATION  j 


|  PELAMINATIOM  1 


Figure  1-21.  Typical  Ballittic  Damage  in  Fiber  Compoaim 
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Projectile  damage  in  fiber  composites  tends  to  conform  to  the  contour  of  the  projectile  more  closely  than 
experienced  in  most  metals,  which  often  exhibit  considerable  cracking  emanating  from  the  primary  perforation.  In 
composites,  damage  is  more  likely  to  be  confined  to  a  region  of  perforation  surrounded  by  delamination.  There  is  often 
pesling  of  the  surface  layers,  but  this  may  not  be  structurally  significant  relative  to  the  penetration  damage. 

Effect  of  Projectile  Velocity 

Considerable  testing  with  small  arms  projectiles  and  fragments  fired  into  fiber  composite  laminates  has  shown  that 
visual  damage  size  is  relatively  insensitive  to  projectile  velocity.  Figure  1 -22(a)  is  representative  of  the  results  obtained 
in  thin  laminates.  These  data  were  obtained  for  impact  conditions  well  above  the  ballistic  limits  of  the  laminates. 

Results  of  recently  conducted  tests  with  thick  graphite/epoxy  (Ref.  1-3),  shown  in  Figure  1 -22(b),  indicate  that 
while  the  damage  size  increases  rapidly  for  velocities  up  to  V/Vbl  =  1.3  (Velocity /Ballistic  Limit  Velocity),  it  remains 
relatively  constant  for  higher  V/Vbl  ratios.  This  is  in  contrast  to  metals,  where  the  maximum  damage  occurs  at 
velocities  near  the  ballistic  limit  ano  diminishes  before  leveling  at  high  velocities  (Ref.  1-2). 
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Flgura  1-22  Effact  of  Projtctil*  Velocity  on  Oamaga  Sin  In  Advanced  Flbar  Composltm 


Effect  of  Projectile  Obliquity 


As  with  metals,  damage  size  in  fiber  composites  varies  with  the  obliquity  angle  at  impact.  This  effect  is  shown  in 
Figure  l -23(a)  for  thin  laminates  and  1 -23(b)  for  thick  laminates. 


OBLIQUITY  ANGLE,  *  (da*) 
(a)  THIN  LAMINATES 


0  10  20  T"  40  so  80  ?0  80 


OBLIQUITY  ANGLE,  t  <d*|) 
(b)  THICK  LAMINATES 


Figura  1-23.  Effwct  of  Obliquity  Ang/a  on  Damaga  Sin  In  Advancad  Flbar  Compoaltaa 
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Effect  oi  Sheet  Thickness 


Laminate  thickness  has  a  significant  effect  on  damage  caused  by  penetrators.  Damage  size  in  thin  composite 
laminates  tends  to  conform  to  the  projected  size  of  the  projectile  in  the  plane  of  the  impacted  laminate.  This  behavior 
does  not  extend  to  hicker  laminates,  because  the  exit  face  damage  can  be  extensively  increased  by  delamination, 
sometimes  appearing  as  rear  surface  spallation.  This  is  shown  in  Figure  1-24.  As  with  metals,  the  ratio  of  thickness  to 
projectile  presented  length  appears  to  be  a  useful  parameter  in  describing  thickness  effects,  as  shown  in  Figure  1-25  for 
a  typical  graphite/epoxy. 


Figure  1-34.  Ballistic  Penetration  Damage  in  0.50-in  Thick 
Graphite/Epoxy,  Exit  Surface 
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Figure  1-25  Effect  of  Laminate  Thickness  and  Projectile  Size 
on  Damage  in  Graphite/Epoxy 


1.1. 1.3.3  Projectile  Penetration  Into  Fluid  Filled  Containers 


In  many  aircraft,  the  structure  serves  the  additional  function  of  fuel  containment,  so  that  a  penetrating  projectile 
enters  a  fluid  medium  after  passage  through  an  adjacent  element  of  structure.  The  term  "hydrodynamic  ram"  refers  to 
the  dynamic  pressures  generated  within  the  fluid  as  a  resell  of  energy  imparted  by  a  penetrati-  g  projectile.  These 
pressures  are  transmitted  to  the  wahs  of  the  uel  tank,  and  they  can  cause  severe  structural  damage. 

The  initial  impact  and  penetration  o',  the  en  ry  wail  generates  a  spherical  shock  wave  in  the  fluid.  The  shock 
pressures  dissipate  with  distance  ,rom  the  entrv  wall,  but  significant  damage  may  be  inflicted  by  this  "shock"  phase  of 
the  ram  phenomena,  pa-ticularly  to  the  en\  y  wall. 

Figuies  1-26  and  1-27  show  the  recond  phase  of  the  hydrodynamic  ram  effect,  referred  to  as  the  "drag"  phase.  In 
Figure  1-26  the  projectile  is  rapidly  lo- ing  velocity  as  it  travels  m  the  fluid,  and  this  rate  of  loss  is  augmented  by 
tumbling.  Figure  1-27  illustrates  the-  corresponding  pressure  pulse  acting  on  the  tank  wails,  resulting  from  the 
conversion  of  projectile  kinetic  energy  to  fluid  kinetic  and  potential  energy. 


FLUID  ENERGY 
TRANSMITTED  TO 
TANK  WALLS  CAUSES 
STRUCTURAL  DAMAGE 


Figure  7-26.  Projectile  Slowing  end  Tumbling  Within  Fluid 


Figure  1-27.  Pressure  Pulse  Acting  on  Tank  Walls 
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Hydrodynamic  ram  must  be  considered  as  a  damage  mechanism  for  any  structural  element  that' is  wetted  by  fluid, 
or  any  element  that  is  separated  from  fluid  by  a  pressure  transmitting  component  such  as  a  flexible  bladder.  The 
structural  damage  caused  by  ram  consists  of  bulging  and  tearing,  and  fastener  failure  is  common.  Damage  is  especially 
severe  at  entrance  and  exit  walls  because  the  internal  pressures  extend  the  damage  caused  by  penetration. 
Hydrodynamic  ram  damage  due  to  fragments  and  sn. all-arms  projectiles  can  be  extensive  and  potentially  catastrophic  as 
suggested  by  Figure  1-28. 


Figure  1-28.  Hydrodynamic  Ram  Damage  in  Fuel  Tank 
Caused  tty  Small  Arms  Projectile 


1.1.2  Exploding  Projectiles 

High-explosive  (HE)  projectiles  contain  an  explosive  charge  that  is  activated  by  impact.  The  detonation  can  occur 
almost  immediately  (superquick  fuze),  or  it  may  be  delayed  (delay  fuze).  The  superquick  fuzed  projectile  initiates 
detonation  at  the  external  side  of  the  entry  skin,  whereas  detonation  is  usually  initiated  inside  the  airciaft  with  the  delay 
fuzed  round. 


1.1. 2.1  Types 

Common  high-explosive  threats  for  aircraft  are  the  23-mm  HEIT,  30-mm  HEI,  37-mm  HEIT,  and  57-mm  HE. 
I.arger  projectiles  are  still  in  use  (though  limited),  but  are  generally  not  considered  in  structural  analysis.  The  most 
frequent  weapon  deployment  consists  of  vehicle-mounted  AAA  guns  in  the  forward  area  or  in  defense  of  missile  sites.  In 
addition,  the  smaller  calibers  (20  to  30-mm)  may  be  fired  from  airborne  cannons. 


BASE  MAIN  SPRAY  FUZE 

ATTACHMENT 


Figure  1-29.  Cross  Sectional  View  of  Typical  HE!  Projectile 


Figure  1-29  shows  a  cross  section  of  a  typical  HE1-T  AAA  projectile  and  identifies  several  of  the  components.  The 
projectile  consists  of  a  time  varying  fuze  mechanism,  explosive  charge,  tracer  element,  and  the  outer  casing  surrounding 
the  explosive  charge.  The  tracer  acts  as  a  pyrotechnic  indicator  of  the  projectile  trajectory,  (he  fuze  functions  when 
the  projt -tile  impacts  a  surface.  Momentum  drives  the  striker  which  impels  the  firing  pin  into  the  initiating  primer. 
Gases  escaping  from  the  initiating  primer  may  be  channeled  through  a  delay  element  before  permeating  the  throttle  and 
igniting  the  detonating  primer,  thus  creating  a  time  delay. 


14 


1.1. 2.2  Encounter  Parameters 

The  appropriate  encounter  parameters  for  high-explosive  projectiles  are  identical  to  those  for  non-exploding 
projectiles,  namely:  striking  velocity,  obliquity,  and  attitude. 

1.1.2. 3  Typical  Terminal  Effects 

The  damage  from  high-explosive  projectiles  results  from  the  combined  effects  of  fragment  impacts  and  blast 
pressures.  These  effects  are  discussed  >n  the  following  paragraphs. 

1.1.2. 3.1  fragment  Effects 

Detonation  of  the  explosive  charge  causes  rupture  of  the  outer  casing  at  extremely  high  pressure  and  temperature, 
creating  fragments  of  various  sizes  and  accelerating  them  to  high  velocities.  Due  to  the  configuration  of  the  projectile, 
the  fragments  can  be  categorized  into  major  groups.  For  example,  fragments  from  the  fuze  section  and  the  projectile 
base  are  generally  expelled  axially  forward  and  aft  (relative  to  the  projectile),  respectively,  while  the  fuze  attach 
section  and  main  spray  are  ejected  primarily  radially.  The  spray  of  fragments  emanates  from  the  point  of  detonation, 
forming  a  cone  of  fragments.  The  angle  of  divergence  relative  to  the  projectile  flightpath  depends  on  the  velocity  of  the 
projectile  and  the  fragment  ejection  velocity.  This  latter  velocity  is  characteristic  of  the  projectile  and  can  be  obtained 
from  stationary  detonations.  The  influence  of  projectile  velocity  on  fragment  cone  formation  is  shown  in  Figure  1-30. 
The  cone  is  formed  by  superimposing  the  fragment  ejection  velocity  (static  detonation)  and  the  projectile  velocity  at 
detonation.  Fragment  distributions  have  been  recorded  for  statically  detonated  rounds  and  typical  results  are  shown  in 
Table  1-3. 

Figure  1-31  shows  a  typical  condition  at  impact  for  a  wing.  The  HE  projectile  shown  is'of  the  superquick  type  and 
has  detonated  immediately  upon  contact  with  the  wing  lower  surface.  A  hole  is  formed  in  the  lower  surface  due  to 
fragments  and  blast. 

The  size  of  the  resulting  damage  zone  (figure  1-32)  depends  on  the  extent  of  the  fragment  cone  in  the  plane  of  the 
structure,  and  is  a  function  of: 

(a)  The  distance  between  the  structure  and  the  detonation  point  (stand-off  distance) 

(b)  The  fuzing  delay, 

(c)  The  angle  of  the  fragment  cone,  0, 

(d)  Orientation  of  the  structure  relative  to  the  flight  path. 


(«)  STATIONARY  (bl  PROJECTILE  WITH 

PROJECTILE  FORWARD 

VELOCITY.  Vp 

Figure  1-30.  Fragment  Cone  Formation 


Table  1-3.  Static  Fragmentation  Data  for  Typical  HE!  Projectile 
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Figun  1-33.  Damtgad  Zorn  Du t  to  HE  Projact.'/a  Fragment  Com 

Estimating  the  damage  caused  by  HE  projectiles  requires  consideration  of  the  effects  of  each  of  the  damage 
components  illustrated  in  Figure  1-33,  including: 

1.  The  typical  damage  size  from  the  fragments  in  the  cone; 

2.  The  upper-bound  on  damage  from  an  individual  fragment; 

3.  The  size  and  fragment  density  (fragments  per  square  foot)  of  the  fragment  cone; 

4.  The  effects  of  the  blast. 

An  estimate  is  also  required  of  the  degree  of  interaction  between  the  damage  components.  For  small  fragment 
cones  (with  high  fragment  densities),  the  individual  fragment  damages  will  overlap,  producing  an  effective  damage  size 
equal  to  the  fragment  cone  diameter.  With  large  cones,  however,  the  fragment  density  will  be  low  and  the  individual 
damages  will  have  little  interaction.  The  effective  total  damage  size  will  not  be  much  larger  than  the  largest  individual 
damage  size.  There  will  be  intermediate  fragment  densities  (i.e.,  intermediate  fragment  cone  sizes)  where  the  individual 
fragment  damages  are  at  the  maximum  separation  for  which  interaction  can  occur.  This  condition  will  produce  the 
maximum  total  effective  damage  size.  The  resultant  effective  damage  size  curve  reflecting  this  behavior  is  shown 
schematically  in  Figure  1-33. 

Qualitative  illustration  of  the  effects  discussed  is  given  in  Figure  1-34,  showing  damage  done  to  honey  comb  skins 
by  a  superquick-fuzed  HE  projectile,  with  the  exit  panel  located  10-inches  downstream  of  the  detonation.  The  entry 
panel  was  stressed  in  tension  and  the  exit  panel  was  in  compression  at  the  time  of  impact.  In  Figure  1  -34(a),  the  front 
tace  of  the  entry  panel  shows  damage  induced  by  a  narrow  fragment  cone.  The  rear  face  of  the  entry  panel  (Figure 
l -34(b))  shows  considerable  damage  from  internal  blast  and  fragments.  In  Figure  1 -34(c)  the  size  and  density  of  the 
fragment  code  are  clearly  defined,  with  only  moderate  interaction  between  outer  fragment  damages.  In  Figure  1 -34(d), 
the  rear  face  of  the  exit  panel  has  severe  central  damage  and  increased  interaction  between  outer  fragment  damages. 


DISTANCE  FROM  CENTER  OF  DETONATION 


Figun  1-33.  Effacdva  Datnaga  Sin  Rm'ttng  From  HE  ProfaetHa  Impact 
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(b)  PEAK  PACE.  ENTRY  PANEL  (d)  REAR  FACE.  EXIT  PANEL 

Figura  1-34 L  Fragment  Cona  Damaga  in  Honeycomb  Panels,  Inflictad  by  Typical 
HE  Projactila .  Exit  Panai  10-in  Downstream  of  Datonation 

1.1. 2. 3.2  Blast  Effects 

In  addition  to  fragment  effects,  blast  is  a  significant  damage  mechanism  when  structure  is  exposed  to  high 
explosive  projectiles.  Regardless  of  whether  the  blast  is  internal  or  external,  the  .structure  will  initially  experience  a 
transient  overpressure  due  to  the  shock  wave.  This  overpressure  can  cause  extensive  structural  damage  in  lightweight 
aircraft  structure.  For  internal  blast  only,  the  interior  structure  will  experience  a  residual  pressure  after  the  shock  wave 
has  dissipated,  caused  by  the  confinement  of  explosive  gases.  This  confined  gas  pressure  can  also  be  a  significant  failure 
mechanism. 

Overpressure  Due  to  Shock  Wave 

The  detonation  of  an  explosive  causes  a  shock  wave  that  travels  radially  outward  from  the  center  of  detonation. 
The  shock  wave  travelr  *  the  local  speed  of  sound,  characterized  by  its  Mach  number.  When  the  shock  front  arrives  at  a 
location,  the  pressur,  .mediately  jumps  from  ambient  to  a  higher  value.  The  overpressure  is  called  "side-on 
overpressure",  and  its  magnitude  depends  on  the  type  and  quantity  of  explosive  and  the  distance  from  the  detonation. 
Figure  1-35  shows  estimated  peak  overpressure  as  a  function  of  distance,  for  a  representative  FIE  projectile.  However, 
this  is  not  a  stable  condition,  and  the  overpressure  immediately  begins  to  decay,  resulting  in  the  classic  pressure-time 
response  at  a  point  shown  in  Figure  1-36.  This  "biastwave"  response  is  characterized  by  a  peak  positive  overpressure,  a 
time  duration,  a  decay  shape  and  a  total  impulse.  All  of  these  parameters  change  with  distance  from  the  detonation. 


Figure  1-36.  Paak  Oyerpraaaura  Resulting  From  Datonation  of  Typical  HE  Projactila 
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In  order  to  simplify  loading  analysis,  it  is  common  practice  to  transform  the  actual  pressure  pulse,  which  has  an 
exponential  decay,  into  an  equivalent  triangular-shaped  pulse  having  the  same  total  impulse  as  the  actual  pulse.  This  can 
be  done  in  two  ways:  1)  maintaining  the  peak  overpressure  of  the  actual  pulse,  or  2)  maintaining  the  same  time  duration 
as  the  actual  pulse. 


EQUAL  PEAK  PRESSURE 


EQUAL  TIME  DURATION 


Figure  1-37.  Two  Method*  of  Developing  Equivalent 
Trlanguler  Pulte 


Figure  1-36.  Typical  Pretture-TIme  Retporue  at  Some 
Location  Away  From  Detonation 


Figure  1-37  shows  these  two  ways  of  forming  an  equivalent  triangular  pulse.  A  rule  of  thumb  often  used  for 
deciding  which  form  is  the  best  for  a  specific  application  is  to  select  the  triangular  pulse  that  most  nearly  approximates 
the  actual  pulse  pressure  at  time  T/ 16,  where  T  is  the  natural  period  of  the  structure  (Ref.  1-5). 

From  the  standpoint  of  loading  analysis,  however,  the  side-on  overpressure  characterized  above  acts  only  on 
surfaces  parallel  to  the  direction  of  travel  of  the  shock.  In  general,  the  pressure  loading  felt  by  structural  surfaces  will 
be  either  the' reflected  overpressure  or  the  Mach  stem  overpressure,  as  determined  by  the  angle  of  incidence  between  the 
shock  front  and  the  surface. 

Figure  1-38  shows  the  case  of  reflected  overpressure  at  an  unyielding  structural  surface.  As  the  incident  shock 
front  intersects  the  surface  the  air  particles  stop.  As  a  result,  these  particles  now  have  a  velocity  relative  to  particles 
further  from  the  surface  which  are  still  moving.  In  other  words,  particles  at  point  0  have  a  velocity  relative  to  particles 
in  region  Y,  referring  to  Figure  1-38.  This  relative  velocity  is  directed  toward  Region  Y,  giving  the  effect  of  a  new 
shock  front  moving  into  Region  Y.  This  is  the  reflected  shock.  The  initial  conditions  for  the  reflected  shock  wave  are 
those  resulting  from  the  passage  of  the  incident  shock.  Thus,  the  conditions  in  Region  R,  which  are  those  felt  by  the 
structural  surface,  are  the  result  of  a  double  shock. 


•  REGION  X— AMBIENT  CONDITIONS 

•  REGION  Y-CONDITIONS  CREATED  BY  INCIDENT  SHOCK 

•  REGION  R— CONDITIONS  CREATED  BY  THE  REFLECTED 

SHOCK  ENTERING  REGION  Y 


Figure  1-33.  Mach  Stem  Formation  Ratal  ting  From  Oblique 
Figure  1-38.  Incident  end  Reflected  Shock  Front *  at  a  Surface  Impingement 


However,  as  the  angle  of  incidence,  0  ,  of  the  initial  shock  front  is  increased,  a  value  is  reached  such  that  the 
incident  wave  does  not  reflect,  but  instead  travels  along  the  surface,  forming  a  "Mach  stem".  The  pressure  loading 
behind  the  Mach  stem  is  the  Mach-stem  overpressure,  and  acts  directly  on  the  structure. 

Figure  1-39  shows  a  Mach  stem  situation.  The  critical  angles  of  incidence  for  Mach  stem  formation  depend  on  the 
Mach  number  of  the  incident  shock,  and  are  available  in  the  literature  (Reference  1-5,  and  others).  These  critical  angles 
range  from  90-degrees  for  acoustic  shocks  (M  =  l)  to  approximately  40-degrees  for  shocks  of  Mach  number  greater  than 
1.5.  When  0  is  greater  than  the  critical  value,  Mach  stem  overpressures  rather  than  reflected  overpressures  should  be 
used  in  the  structural  analysis. 


18 


Residual  Pressure  Due  to  Confined  Gas 

When  internal  blast  occurs,  the  expansion  of  the  product  gases  is  resisted  by  the  structure.  The  gases  may  be 
confined  within  the  structure  unless  releasrd  by  the  venting  that  results  from  penetration  or  structural  failure.  The 
result  of  this  confinement  is  a  quasistatic  internal  pressure  acting  on  the  structure.  The  penetration  holes  and  vents  act 
as  orifices,  resulting  in  exponential  pressure  decay.  In  addition,  rib  or  bulkhead  failure  can  result  in  rapid  expansion  of 
gas  into  an  adjacent  bay.  The  amplitude  of  the  residual  pressure  depends  on  the  enclosing  volume.  Figure  1-40  shows 
estimated  residual  pressures  resulting  from  confining  the  blast  of  a  typical  HE  round  within  the  volumes  indicated,  with 
no  venting.  The  damage  potential  of  the  confined  gas  residual  pressures  is  enhanced  by  their  relatively  long  di,_  tion. 


0.8  1  2  8  10  20 
VOLUME  OF  ENCLOSURE  (ft3) 


Figure  1-40.  Hydrostatic  Pressure  From  Explosions  in  Closed  Cells 


ENGINE  DEBRIS  PROJECTILES  (Following  Discussion  is  From  Refs.  1-6  and  1-7) 

very  oftTn^hllTera^r^in1^’  reSul?ng  in  th?  °f  an  fragment  from  the  engine  case,  do  not  occur 

years  (Ref  kg)  Fr^her Z fT?"  has  been  less  thar  one  Per  mMon  engine  hours  worldwide  in  recent 
Lnetri?  f’  f  V ‘  ^urther> the  probability  °f  this  once-per-million-hour  event  causing  an  aircraft  accident,  defined  as  a 
th?*  wln8^or  vital  components,  has  proved  to  be  about  one  chance  in  8.5.  Figure  1-41 

indicate;  the  proportion  of  aircraft  accident  soirees  between  1954  and  1974,  indicating  that  97.2%  of  all  aircraft 
accidents  have  been  the  result  of  events  other  than  non-contained  engine  failures. 
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"  PILOT  OR  INSTRUMENT  ERROR  ' 


Figure  1-41.  Analysis  of  Aircraft  Accident' and  Fatalities- 1954  to  1974 


Nevertheless,  these  incidents  do  occur  and  must  be  addressed.  The  effects  of  an  uncontained  projectile  emanating 
from  an  engine  and  subsequently  striking  an  adjacent  portion  of  the  airframe,  can  be  assessed  in  the  same  manner  as  for 
nonexploding  military  projectiles.  There  is  an  important  distinction,  however,  in  that  the  engine  debris  projectile  is 
typically  an  irregular  fragment  (as  opposed  to  a  but  lot),  behaving  more  like  a  warhead  fragment  or  the  fragments 
generated  from  r.  high-explosive  projectile. 
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1.2.1  Description  of  Engine  Debris  Projectiles 

Rolls-Royce  (Ref.  1-6)  has  made  available  the  results  of  a  study  on  non-containment  incidents  associated  with  their 
commercial  engines,  in  which  they  recorded  the  weights  of  fragments,  the  direction  of  release,  energy  and  size, 
wherever  such  information  could  be  obtained.  These  results  are  summarized  in  the  following  paragraphs. 

Weight  of  Fragment 

Figure  1-92  shows  the  weight  of  the  largest  fragment  released  in  each  incident  as  a  percentage  of  the  bladed  disc 
weight.  The  fragments  vary  from  part  of  a  blade  to  a  complete  disc.  The  incidents  categorized  as  aircraft  accidents  are 
indicated,  showing  that  complete  discs  are  less  likely  to  cause  a  problem  than  disc  fragments,  but  fragments  of  any  size 
are  capable  of  causing  unacceptable  damage  if  they  hit  certain  parts  of  the  aircraft. 
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Figurt  1-42.  Noncontainad  Failurt—1954  to  1974  Inclutiv • 


Compressor  and  turbine  non-containment  are  indicated  on  the  plot  and  it  shows  that  only  turbine  discs  have  been 
released  complete,  probably  because  a  turbine  disc  has  easier  access  to  freedom  than  a  compressor  disc. 

Figure  1-93  gives  the  percentage  of  incidents  in  which  the  weight  of  the  largest  fragment  released  was  a  given 
percentage  of  the  bladed  disc  weight  or  (ess.  It  is  a  way  of  showing  the  reduction  in  the  number  of  non-contained 
failures  that  would  be  achieved  by  providing  an  ability  to  contain  an  increasing  weight  of  fragment.  For  example,  the 
ability  to  contain  a  fragment  weight  5%  of  the  bladed  disc  weight  would  have  prevented  56%  of  all  non-containments.  If 
the  former  figure  were  10%  we  would  have  prevented  72%  of  the  non-containments.  Thereafter  the  gains  are  less 
spectacular. 
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WEIGHT  Or  LARGEST  FRAGMENT 
AS  PERCENTAGE  OF  BLADED 
DISC  WEIGHT 


Figurt  1-43.  Numbar  of  Incidantt  Vanut  Fragmant  Wafght 


When  a  fragment  strikes  the  inside  of  an  engine  casing  and  it  is  not  contained,  it  is  sometimes  deflected  on  its  way 
through  the  casing.  Figure  1  -99  illustrates  the  effect  of  such  deflection  upon  the  subsequent  path  of  a  fragment. 

Since  the  point  of  penetration  of  the  casing  is  at  a  random  circumferential  position,  the  probability  of  an  aircraft 
item  in  line  with  a  disc  being  struck  by  a  fragment  is  unaffected  by  deflection  of  the  fragment  by  the  casing.  But  the 
axial  deflection  of  the  fragment  is  important  in  that  it  affects  the  axial  length  of  the  possible  impact  area  on  the 
aircraft. 

A  study  of  the  axial  deflection  of  debris  in  actual  incidents  produced  the  result  shown  in  Figure  1-95  where  axial 
deflection  is  plotted  against  weight  of  fragment.  It  shows  that'  only  the  lighter  fragments  were  appreciably  deflected, 
the  maximum  deflection  being  +33-degrees  whereas  the  heavy  fragments  were  not  deflected  more  than  +5-degrees. 

Thus,  the  situation  may  be  as  shown  on  Figure  1-96  where  a  pack  of  discs  creates  over-lapping  fields  of  possible 
debris  distribution  so  that  any  protection  or  special  measures  taken  by  the  aircraft  designer  will  require  sensibly  uniform 
application  over  a  length  slightly  greater  than  the  length  of  the  rotor  pack,  tailing  off  to  zero  beyond  each  end  of  the 
rotor. 


20 


PASSING  THROUGH  CASING 


ANGLE  OF  DEFLECTION  <d*fl) 

FORWARD  — — - 1 - —REARWARD 


Figure  1-44.  Debris  Spread 


Figure  1-45.  Debris  Spread  Versus  Weight  pf  Fragment 
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Figure  1-46.  Direction  and  Energy  of  Emerging  Debris 
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Figure  1-47.  Definition  of  Fragment  With  Maximum  Energy 


Energy  of  Fragment 

A  fragment  has  two  kinds  of  energy  when  it  leaves  an  engine,  see  Figure  1-47.  It  has  kinetic  energy  along  its  flight 
path  which  is  tangential  to  the  radius  described  by  its  center  of  gravity  when  it  was  part  of  the  disc.  It  also  has 
rotational  energy  about  its  own  center  of  gravity.  Experience  shows  that  for  practical  purposes  it  is  the  former,  i.e.,  its 
translational  energy,  that  causes  the  real  damage  on  impact  and  this  is  because  the  translational  energy  is  in  the 
direction  of  the  impact  and,  for  realistic  fragments,  it  is  invariably  much  greater  than  the  rotational  energy. 

Figure  1-47  also  shows  a  plot  of  disc  sector  size  against  its  translational  energy.  The  fragment  with  maximum 
translational  energy  is  a  disc  segment  subtending  an  angle  of  133.6-degrees.  An  unbroken  disc  has  no  translational 
energy  unless  it  picks  some  up  as  a  result  of  friction  developed  in  rubbing  against  static  parts  which  may  throw  it 
sideways  out  of  an  engine  with  a  relatively  low  velocity. 

The  energy  with  which  a  fragment  leaves  an  engine  is  less  than  its  initial  energy  because  it  expends  some  energy  in 
penetrating  the  engine  casing.  In  calculating  the  energy  of  an  emerging  fragment  a  proportion  of  the  amount  of  energy 
the  engine  casing  is  capable  of  containing  should  be  subtracted  from  the  initial  energy  of  the  fragment. 

To  determine  the  blade  containment  ability  of  a  casing,  Rolls-Royce  plotted  blade  energy  against  a  function  of 
blade  dimensions  and  casing  properties  for  all  known  cases  of  blade  release,  including  experimental  tests  and  service 
experience.  The  result  is  shown  in  Figure  1-45  where  contained  and  non-contained  failures  are  identified. 
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Figure  1-48.  Blade  Containment  Criterion 
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Unfortunately  the  behavior  of  a  casing  is  not  quite  as  straightforward  as  to  absorb  an  equal  amount  of  energy 
regardless  of  the  initial  energy  of  the  fragment.  In  containment  tests  a  fragment  with  an  energy  level  just  beyond  the 
containment  capabilities  of  a  casing  lost  90%  of  its  energy  in  passing  through  the  casing.  But  when  a  portion  of  a  rotor, 
comprising  four  blades  and  a  piece  of  disc,  was  released  from  a  rotor  rotating  inside  a  casing  designed  to  contain  a  single 
released  blade,  the  fragment  passed  through  the  casing  with  a  near-zero  loss  of  energy. 

T^at  some  energy  was  lost  was  shown  by  damage  and  distortion  to  the  casing  and  to  the  blades  in  the  fragment  but 
the  loss  was  too  small  to  be  measured  in  terms  of  fragment  velocity  before  and  after  penetration.  Evidently,  the  casing 
did  not  develop  its  full  containment  potential  when  subjected  to  loadings  far  beyond  its  capabilities. 

Further  containment  tests  are  in  progress  to  build  up  more  data  on  this  problem  and  to  establish  a  formula  for  the 
amount  of  energy  destroyed  in  a  range  of  fragments  when  they  pass  through  a  casing  of  known  blade  containment  ability. 
Meanwhile,  until  ..ore  data  becomes  available  it  seems  reasonable  to  assume  that  the  loss  of  energy  varies  from  100% 
for  a  single  blade,  to  zero  for  the  4-blade  fragment  tested,  or  any  larger  fragment.  The  4-blade  fragment  weighed  6.5% 
of  the  weight  of  the  bladed  disc. 

There  is  an  additional  loss  of  energy  in  fragments  that  are  deflected  on  passing  through  the  casing.  The  amount  of 
this  loss  depends  upon  the  degree  of  deflection,  and  from  theoretical  considerations  and  practical  observations  the 
relationship  between  deflection  and  residual  energy  is  as  shown  in  Figure  1-49.  This  relationship  can  be  used  in 
calculating  the  possible  energy  of  deflected  fragments  in  the  forward  and  rearward  fields  covered  by  the  possible  axial 
spread  of  debris. 
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Figure  1-49.  Energy  After  Deflection  Vmvn  Angle  of 
Deflection 


Figure  1-5Q.  Fragment  Sire  Effect  on  Probability  of 
Strike 


Size  of  Fragment 

The  maximum  dimensions  of  a  fragment  thrown  by  an  engine  is  important  in  terms  of  the  probability  of  striking  a 
given  vulnerable  item  of  the  aircraft.  Figure  1-50  shows  that  for  a  given  aircraft  layout  the  larger  the  fragment  the 
more  likely  it  is  to  strike  a  given  object.  The  chances  of  the  small  fragment  striking  the  object  are  01  in  360-degrees, 
but  for  the  large  fragment  they  are  02  in  360-degrees  and  clearly  the  larger  the  fragment  the  greater  the  probability  of  a 
strike. 

Figure  1-51  shows  actual  non-contained  failures  in  terms  of  the  arc  of  disc  released  against  percentage  of 
incidents.  These  results  can  be  used  for  calculating  the  probability  of  impact  of  fragments  of  various  sizes  upon  aircraft 
vulnerable  items  for  various  aircraft/engine  arrangements.  The  results  for  turbines  and  compressors  are  shown 
separately  to  illustrate  that  compressors  have  tended  to  release  larger  arcs  of  disc  rim  than  turbines.  This  is  due  to 
factors  such  as  disc  proportions. 
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Figure  1-6 1.  Failure  Incidence  In  Term*  of  Fragment  Sire 
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1.2.2  Encouiter  Parameters 

The  important  encounter  parameters  that  must  be  defined  for  penetration  and  damage  assessment  are  identical  to 
those  needed  for  the  projectiles  previously  discussed:  striking  velocity,  angle  of  obliquity  and  attitude.  Particular 
emphasis  must  be  placed  upon  attitude,  however,  as  this  can  be  a  significant  factor  in  the  damage  potential  of  fragments 
having  a  high  ratio  of  length  to  diameter,  i.e.,  long,  flat  fragments  such  as  a  portion  of  a  turbine  blade.  An  additional 
consideration  is  the  rotational  energy  of  .the  impacting  fragment,  as  this  can  be  a  significant  factor  in  penetration  and 
damage  potential.  Encounter  conditions  for  engine  debris  analysis  can  be  predicted  with  greater  certainty  than  for 
encounter  with  military  projectiles  because  of  the  fixed  location  and  known  operating  characteristics  of  the  engine. 

1.2.3  Typical  Terminal  Effects 

As  with  all  fragment  impacts,  engine  debris  fragments  can  penetrate  the  airframe  causing  damage  to  skin  and 
substructure,  and  may  penetrate  and  degrade  system  components.  The  potential  exists  for  ignition  of  fuel  or  injury  to 
passengers  or  crew. 

Figure  1-52  from  Reference  1-7  gives  an  indication  of  the  penetrating  capability  of  engine  debris  fragments,  based 
on  calculations  using  the  empirical  formula  shown  on  the  figure.  Fragment  energy  is  plotted  against  the  weight  of  target 
material  required  to  contain  the  fragment. 

To  emphasize  the  damage  potential  of  the  fragments,  typical  weights  of  heavy  wing  and  fuselage  surfaces  are 
indicated  on  the  diagram  giving  some  idea  of  their  respective  energy  absorbing  capabilities.  The  resulting  energies  are 
only  approximate  as  both  the  curves  and  the  test  results  are  only  concerned  with  flat  plates.  The  stiffeners  of  the  wing 
and  fuselage  (included  in  the  weight  shown)  may  offer  appreciably  increased  energy  absorption  due  to  their  depth. 

However,  this  does  not  alter  the  general  inference  of  Figure  1-52  which  is  that  even  two  or  three  layers  of  such 
structure  is  not  capable  of  stopping  the  smallest  of  the  three  debris  forms. 
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Figure  1-52.  Structural  Effect t  of  Engine  Bunt  Non- 
Containment-Fragment  Impact  Energy  w, 
Target  Weight 
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2.0  ANALYSIS  METHODS  FOR  PREDICTING  STRUCTURAL 
RESPONSE  TO  PROJECTILE  IMPACT 

The  purpose  of  this  section  of  the  Design  Manual  is  to  inform  aircraft  designers  of  the  analysis  methods  and  data 
avaitahie  for  predicting  the  response  of  metal  and  fiber  composite  structure  to  projectile  impact.  The  analysis 
methods  discussed  are  applicable  to  impacts  from  small  arms  projectiles,  missile  warhead  fragments,  and  the 
fragmentation  and  blast  effects  of  high-explosive  projectiles,  as  described  in  Section  I.  The  responses  addressed 
include  penetration  capability,  damage  size  and  type,  strength  and  stiffness  degradation  of  damaged  structure,  and 
internal  load  redistribution.  This  section  provides  the  tools  needed  to  implement  the  impact  damage  tolerance  design 
guidelines  presented  in  Section  Ill. 

2.0.1  General  Approach  to  Impact  Damage  Tolerance  Analysis 

Figure  2-1  is  the  impact  damage  tolerance  analysis  methodology  which  is  described  in  Retail  in  Section  III  of  this 
Manual.  The  objectives  of  the  analysis  are  to  evaluate  the  structural  capability  of  thp  damaged  airframe  and  to 
compare  this  with  the  structural  performance  requirements  dictated  by  the  mission.  Bo'th  the  requirements  and  the 
capabilities  can  be  expressed  as  load  factors.  / 
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Structural  requirements  are  determined  from  analysis  of  the  operational  flight  loads  and  the  physical  environment 
associated  with  primary  missions.  Next  the  operating  stress  levels  for  critical  structural  elements  are  determined, 
including  levels  corresponding  tos 

o  Operating  loads  at  the  time  of  projectile  encounter; 

o  Cyclic  loads  after  projectile  impact; 

o  Maximum  loads  after  projectile  impact. 

These  loads  and  the  physical  environment  (temperature,  for  example)  are  used  to  establish  strength  requirements  at 
impact,  and  the  cyclic  loading  and  residual  static  strength  requirements  of  the  damaged  structure  following  Impact. 

Determining  structural  capability,  however,  requires  predicting  the  size  and  severity  of  the  Induced  damage  and  the 
resulting  structural  degradation.  The  analysis  methods  subsequently  described  in  this  Section  are  used  primarily  to 
establish  the  structural  capability  following  damage,  1*.,  to  quantify  the  right-hand  portion  of  Figure  2-1,  by 
assessing  the  factors  discussed  below. 

2.0.1. 1  Factors  Determining  the  Structural  Capability  of  Projectile  Damaged  Structure 

The  first  step  in  projectile  damage  tolerance  analysis  is  to  determine  the  type  and  size  of  the  inflicted  damage. 
Analysis  methods  for  predicting  damage  from  projectiles  are  presented  in  Section  2.1  (Penetration  Effects)  and  2.2 
(Damage  Size  and  Type).  Structural  damage  from  projectile  impact  is  a  function  of  the  type  of  projectile  and 
engagement  conditions,  as  well  as  geometry  and  material  of  the  structural  configuration.  The  damage  imposed  can 
also  be  influenced  by  the  physical  environment,  applied  loads,  and  compounding  effects  such  as  hydrodynamic  ram 
pressues  generated  by  passage  of  the  projectile  through  the  liquid  portions  of  a  fuel  cell. 

Damaged  structure  that  does  not  fail  at  the  time  of  impact  will  be  subjected  to  cyclic  loading  from  gust  and 
maneuvers  during  continued  flight.  These  cyclic  loadings  may  induce  fatigue  that  can  alter  the  size  and  character  of 
the  imposed  damage,  thereby  changing  the  residual  strength  of  the  structure.  Methods  for  analyzing  the  effect  of 
cyclic  loads  on  projectile  damaged  airframes  are  presented  in  Section  2.3. 

The  stiffness  of  damaged  structure  is  also  altered  due  to  reduction  of  net  section.  This  stiffness  degradation  can 
cause  aerodynamic  instabilities  and  extensive  load  redistribution  within  the  structure.  Section  2.4  discusses  analysis 
methods  and  considerations  associated  with  the  stiffness  degradation  of  ballistic  damaged  structure. 

The  damaged  airframe  must  have  sufficient  residual  strength  to  sustain  the  flight  loads  subsequently  encountered. 
Section  2.5  presents  analysis  approaches  for  predicting  the  tesidual  strength  of  projectile  damaged  structure, 
including:  fracture  analysis  methods  and  data  for  monolithic  structure  and  stiffened  (crack-arresting)  structure;  and  a 
review  of  recommended  analysis  methods  for  multiple-load-path  structure  including  finite  element  techniques 
applied  to  damaged  configurations. 

The  final  res'  ll  of  the  structural  capability  asse  .'.ment  can  be  presented  as  a  "strength-  time  history"  (an  example  is 
shown  in  Figure  2-2),  The  initial  structural  capability  is  the  design  ultimate  strength.  When  the  projectile  penetrates 
the  structure,  however,  there  is  an  instantaneous  loss  of  strength  which  is  initially  influenced  by  dynamic  effects, 
including  dynamic  load  redistribution  and  forces  associated  with  the  contact  between  the  projectile  and  the  structure. 
The  dynamic  effects  are  soon  dissipated,  and  if  failure  has  not  occured  at  impact  the  resulting  strength  capability  is 
the  static  residual  strength  of  the  damaged  structure.  As  flight  continues,  this  strength  may  be  altered  by  the 
effects  of  cyclic  loading  and  environmental  factors  as  described  above. 

Once  the  structural  capability  assessment  has  been  completed,  the  final  task  of  the  design  analysis  is  to  compare 
capabilities  with  requirements.  For  example,  Figure  2-3  shows,  schematically,  a  comparison  of  stress-time 
(requirements)  and  strength-time  (capability)  histories  for  a  wing  lower  surface.  The  strength  capability  is  reduced 
by  the  impact,  but  does  not  fall  below  the  strength  requirement  at  the  time  of  encounter.  In  this  example,  the 
strength  requirements  exceed  the  strength  capabilities  in  the  landing-approach  segment  of  flight  and  structural 
failure  occurs. 

2.0. 1.2  Incorporation  of  Probabilistic  Events 

Both  the  structural  requirements  and  the  capabilities  depend  on  probabilistic  events,  as  illustrated  in  Figure  2-4.  For 
example,  variability  in  damage  size  and  severity  arises  from  the  potential  range  of  projectile  striking  velocities, 
obliquities,  and  hit  locations,  as  well  as  the  considerable  scatter  noted  in  the  measured  effects  of  projectile  impacts. 
The  residual  strength  of  damaged  structure  is  subject  to  uncertainties  in  material  composition,  failure  modes,  notch- 
sensitivity,  and  constraint.  The  probabilistic  aspects  of  flight  loadings  are  well  known. 

Figure  2-5  repeats  the  survivable  structures  analysis  methodology  shown  earlier  as  Figure  2-1,  with  the  lddition  of 
the  probabilistic  parameters  involved  in  establishing  the  structural  requirements  and  the  structural  capabilities. 
Flight  loadings,  for  example  can  be  conveniently  expressed  as  probability  of  exceedance,  as  shown  in  Figure  2-6,  and 
this  is  routinely  done  in  fatigue  and  fail-safe  design  analyses.  However,  loading  requirements  for  impact  damage 
tolerance  analysis  differ  from  fatigue  and  fail-safe  requirements  in  two  ways: 

o  Loading  requirements  for  impact  damage  tolerance  can  be  based  on  probable  exceedances  per  mission  or 
sortie,  rather  than  lifetimes  or  inspection  intervals. 

o  The  segment  of  the  sortie  during  which  impact  occurs  must  be  identified,  so  that  loading  requirements  at 
impact  and  subsequent  to  impact  can  be  established. 

As  discussed  earlier,  structural  capability  is  influenced  by  the  location,  size,  and  character  of  the  damage.  Assuming 
that  all  regions  of  the  airframe  have  equal  probability  of  being  hit  by  the  projectile,  the  probability  of  hitting  a 
critical  structural  element  can  be  established  from  element  projected  area  and  projectile  trajectory  considerations. 
This  is  a  method  commonly  used  in  vulnerability  assessment.  However,  if  the  projectile  threat  scenario  and  mission 
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Figure  2-2.  Strength-Time  History  for  a  Structural  Element.  Indicating  Structural  Capability 
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Figure  2-4  Structural  Survivability  Analysis  Must  Address  Probabilistic  Events 
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profile  are  defined,  more  sophisticated  methods  such  as  threat  encounter  models  can  be  used  to  determine  the  most 
probable  spatial  distribution  of  hits  on  the  aircraft,  and  the  most  probable  engagement  conditions.  Figure  2-7  'nJ 
2-8  are  typical  results  of  this  type  of  assessment  for  a  tactical  fighter  performing  an  air-to-ground  attack  mission. 

Damage  size  predictions  can  be  made  for  the  probable  encounter  conditions.  Statistical  distributions  for  ballistic 
damage  response  have  not  yet  been  adequately  defined,  but  damage  data  obtained  from  ballistic  testing  is  definitely 
amenable  to  statistical  analysis.  Figure  2-9  shows  typical  small  arms  projectile  damage  measurements  in  a 
notch- sensitive  high-strength  aluminum  alloy.  The  systematic  variation  of  damage  size  with  projectile  velocity  is 
evident  as  Indicated  by  the  mean.  The  probabilistic  representation  shown  in  Figire  2-10  was  developed  assuming  that 
the  variations  in  damage  size  at  a  given  velocity  were  random  and  could  be  represented  by  a  normal  distribution. 
Other  distributions  could  be  applied,  of  course. 
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Figure  2- 10  Probable  Extent  of  Damage  Retutting  From  Impact 


Figure  2-11  Probable  Retiduai  Strength  of 

Projectile  Damaged  Tension  Panel 


A  similar  piobability  approach  can  be  taken  in  predicting  the  residual  strength  of  projectile  damaged  structure.  For 
7075-T6  tension  elements  containing  small  arms  projectile  damage,  Figure  2-11  shows  a  probabilistic  representation 
for  the  residual  tensile  strength  using  data  from  Ref.  2-2. 

The  final  calculation  of  the  structural  capability  of  an  element  must  include  the  combined  effect  of  variability  in 
both  damage  size  and  residual  strength.  Figure  2-12  shows  the  completed  residual  strength  prediction  for  7075-T6 
tension  elements  damaged  by  .30  caliber  bullets  in  the  800-1,000  feet  per  second  velocity  range. 

When  the  approach  described  above  is  applied  to  the  entire  airframe,  strength  capability  can  be  expressed, 
probabilistically,  in  terms  of  operational  load  factor  as  shown  in  Figure  2-13.  A  parallel  assessment  can  be  done  for 
residual  stiffness  capability  in  terms  of  operational  speed.  Once  a  capability  has  been  developed  in  the  form  shown  in 
Figure  2-13,  it  can  be  combined  with  requirements  which  are  also  expressed  statistically,  such  as  the  operational 
loading  requirements  shown  before  in  Figure  2-6.  The  result  of  this  final  combination  is  the  overall  probability  of 
survival  for  the  structure  operating  in  a  specified  loading  environment,  accounting  for  variability  in  operating  loads, 
damage  size,  residual  strength,  and  the  probability  of  hitting  critical  structural  elements. 


Figure  2-12  Probable  Reeiduei  Strength  Capability  of 
Damaged  Tensile. Element 
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Figure  2-13  Degraded  Performance  Capability  of  Damaged  Airfreme 
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2.0.2  Overview  of  the  State-af-the-Art  in  Impact  Damage  Tolerance  Analysis  Methods 

A  survey  of  the  data  and  analysis  methods  available  for  Implementing  the  impact  damage  tolerance  methodology 
described  above  was  conducted  during  the  initial  stages  of  the  Design  Manual  preparation.  All  the  NATO  member 
nations  were  afforded  the  opportunity  to  contribute  relevent  work,  and  an  AGARD  Specialists  Meeting  on  Impact 
Damage  Tolerance  was  held  in  1976.  The  proceedings  from  this  meeting  are  available.* 

IABG  of  Germany  has  done  significant  work  in  developing  damage  and  residual  strength  prediction  methods  for 
non -exploding  and  exploding  projectiles  impacting  aircraft  structue.  This  work  includes  applications  of  finite 
elemt-t  analysis  techniques  in  establishing  stress  intensity  factors  for  projectile  impact  damage,  and  full-scale 
ballistic  and  structural  tests  for  verification.  Much  of  the  IABG  work  is  summarized  in  References  2-1,  2-4,  2-5,  and 
2-6. 


The  RAE  of  Great  Britain  has  done  ballistic  testing  to  provide  data  defining  the  effects  of  applied  loading  on  the 
residual  tensile  strength  of  aluminum  and  fiber  composite  skin'  panels.  This  work  has  involved  primarily 
high-explosive  projectiles.  Results  of  these  studies  were  not  available  for  inclusion  in  the  Manual. 

In  the  U.S.,  each  of  the  military  services  has  sponsored  research  programs  developing  design  and  assessment  methods 
for  structural  suvivability  to  projectile  weapon  threats.  This  research  includes  ballistic  testing  for  developing  and 
verifying  damage  models  as  well  as  constructing  sophisticated  analysis  methods  such  as  the  BR-1  code  for  predicting 
the  response  of  aircraft  structue  to  high-explosive  anti-aircraft  artillery  projectiles. 

The  Air  Force  Flight  Dynamics  Laboratory  reviewed  and  documented  the  state-of-the-art  of  analysis  methods  and 
data  as  of  1974  in  AFFDL-TR-74-49  and  -50  (Ref.  2-7).  There  were  many  gaps  in  the  available  data  and  analysis 
methods,  resulting  in  difficulties  in  integrating  impact  damage  tolerance  into  the  structural  design  process.  Some  of 
these  gaps  are  being  addressed  in  current  programs,  including  damage  models  for  composites,  and  analysis  and 
simulation  of  the  ballistic  impact  response  of  full-scale  structure.  Figure  2-14  is  a  partial  roadmap  of  U.S.  Air  Force 
and  Navy  structual  suvivability  design  research  conducted  over  the  past  10-years.  This  AGARD  Design  Manual 
contains  the  significant  results  of  this  research.  Key  developments  associated  with  the  programs  are  described 
below. 

As  indicated  in  Figure  2-15,  Air  Force  contract  F33615-67-C-1660,  performed  by  the  Martin- Marietta  Corporation, 
established  a  methodology  for  quantitative  assessment  of  structual  vulnerability  with  respect  to  projectile  impacts. 
Residual  strength  results  were  obtained  from  finite  element  analysis  of  damaged  structue  and  presented  in 
probabilistic  form  similar  to  the  presentation  in  Figue  2-13.  Testing  was  done  to  define  damage  from  high-  explosive 
projectiles  impactmg  stiffened  panels  under  tension  and  compression  loading. 

*  See  AGARD  Conference  Proceedings  No.  186,  "Specialists  Meeting  on  Impact  Damage  Tolerance  of  Structues," 
AGARD-CP-186,  3an.  1976. 
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R spoilt'.  AFFDL-TR-70-116 
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Figure  2-15.  Aircraft  Structural  Vulnerability  to 

Conventional  Weapon*  (F3361S67-C  1660) 


Figure  2- 16  Aircraft  Structural  Combat  Damage  Model 
(F33615-69-C-1S81) 


Air  Force  contract  F33615-69-C- 1581  "Aircraft  Structural  Combat  Damage  Model"  (Ref.  2-2),  developed  the 
ballistic  damage  and  residual  strength  prediction  models  needed  for  implementing  the  methodology  developed  under 
F33615-67-C-1660.  This  work,  performed  by  Boeing,  included  substantial  ballistic  impact  testing  of  aircraft 
structural  materials  against  small  arms  projectiles  and  provided  computerized  prediction  models  of  damage  size  and 
residual  strength  as  indicated  in  Figure  2-16. 

Substantial  ballistic  damage  and  residual  strength  test  data  for  metals  was  developed  under  the  Navy  contract 
"Aircraft  Wing  Structural  Concepts  with  Improved  Ballistic  Damage  Tolerance"  (Ref.  2-8),  performed  by  General 
Dynamics/Convair  Division.  The  data  is  for  small  arms  projectiles  impacting  several  type:  of  st.  jctural 
configurations. 

Data  on  the  ballistic  damage  response  of  advanced  fiber  composites  began  appearing  in  the  early  197b's.  Air  Force 
contract  F33615  -  71-C-1111  (Ref.  2-9),  performed  by  Grumman,  provided  residual  strength  data  for  boron  and 
graphite/epoxy  impacted  by  small  arms  projectiles.  Other  composite  programs  sponsored  by  the  Air  Force  included 
F33615-71-C-1414  "Advanced  Development  on  Vulnerability/Survivability  of  Advanced  Composite  Structures"  (Ref. 
2-10),  and  F3361 5-70-C- 1570  "Evaluation  of  Ballistic  Damage  Resistance  and  Failure  Mechanisms  of  Composite 
Structures"  (Ref.  2-11). 

In  1974,  Boeing  incorporated  the  available'  analysis  methods  and  data  into  a  design  handbook,  AFFDL-TR-74-50, 
"Survivable  Combat  Aircraft  Structures  Design  Guidelines  and  Criteria"  (Ref.  2-7).  This  work  was  done  under 
contract  F33615-73-Q-3032  (see  Figure  2-17).  A  design  methodology  was  developed  that  incorporates  structural 
survivability  into  the  aircraft  design  process,  and  this  methodology  provided  the  basic  approach  applied  to  this 
Manual. 


•  Defined  itructurtl  S/V  detlgn 
approach  within  itructurtl 
integrity  diacipllnt 


•  Summarized  data  and  modeli 
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Figure  2-17  Survivable  Combat  Aircraft  Structure t  Design  Handbook 
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One  of  the  most  comprehensive  aircraft  structural  survivability  programs  was  Navy  contract  N00019-75-C-0178 
"Battle  Damage  Tolerant  Wing  Structure  Development  Program"  (Ref.  2-12),  sponsored  by  Naval  Air  Systems 
Command  (NASC).  This  program,  performed  by  Boeing,  developed  a  graphite/epoxy  wing-box  structural  de:  ;n 
meeting  stringent  battle  damage  and  weight  reduction  criteria.  Considerable  test  data  was  generated  defining  he 
damage  and  residual  strength  response  of  graphite/ epoxy  impacted  by  high-explosive  projectiles.  Damage  tolei  nt 
designs  were  developed  using  hybrid  laminates  combining  graphite  with  fiberglass.  A  full-scale  wing  box  \,.i 
fabricated  and  tested  under  load  against  a  high-explosive  projectile  impact. 

A  major  advance  in  impact  damage  analytical  capability  was  made  under  Air  Force  contract  F33615-72-C-1045,  and 
-3060  "Effects  of  Internal  Blast  on  Combat  Aircraft  Structure"  (Refs  2-13,  2-14),  done  by  Northrop  for  AFFDL.  This 
work,  as  shown  in  Figure  2-18,  developed  the  BR-1  computer  codes  for  predicting  structural  response  to  high- 
explosive  projectiles.  The  BR-1  codes  use  advanced  finite  element  techniques,  and  represent  a  state-of-the-art 
analysis  method  readily  -cepted  by  the  structural  design  community.  The  capability  of  the  codes  was  extended  to 
fiber  composite  materials  by  Boeing,  under  a  modification  to  Navy  contract  NQ0019-75-C-01 78,  in  1977  (Ref.  2-13). 

Air  Force  contract  F336  1  5  -  76-R-3135,  "Structural  Flight  Loads  Simulation  Capability"  (Figure  2-19),  currently  being 
worked  by  the  University  of  Dayton,  will  provide  the  Air  Force  Flight  Dynamics  Laboratory  with  the  capability  of 
loading  full-scale  structural  components  during  ballistic  testing. 

An  analysis  method  for  residual  strength  prediction  of  metal  skin  panels  impacted  by  high-explosive  projectiles  was 
developed  by  Northrop  for  the  Naval  Air  Development  Center  (NADC),  under  contract  N62269-76-R-0272,  using  the 
material  crack  growth  resistance  curve  in  terms  of  the  3-integral  and  the  elastic-plastic  analysis  of  the  damaged 
structure  (Ref.  2-91).  The  analysis  method  was  verified  by  ballistic  test. 

Under  Air  Force  contract  F33615-78-C-3403,  "Survivable  Composite  Structure  for  Combat  Aircraft"  (Ref.  2-17), 
available  test  data  on  the  ballistic  response  of  advanced  fiber  composite  materials  was  evaluated  and  used  to 
construct  damage  and  residual  strength  analysis  models  incorporating  structural  design  and  threat  parameters. 
Deficiencies  in  the  available  data  were  identified. 

As  an  additional  step  toward  achieving  survivable  structure,  a  draft  military  specification  for  survivable  combat 
aircraft  structure  is  being  prepared  under  Air  Force  contract  AFFDL  F33615-78-C-3423  "Proposed  Military 
Specification  for  Survivable  Aircraft  Structures  (Nonnuclear),"  (Ref.  2- 18). 
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Figure  2- 18.  BR-1  Computer  Code  for  Predicting  Response  to  Internal  Blast  and  Fragments 


0  Will  provide  load  capability  for  full-scale 
components  during  ballistic  test  (At  AFFDL) 

•  Will  provide  verified  analysis  models 


Figure  2-19.  Structural  Flight  Loads  Simulation  Capability 
( F336I5-76-R-313S ) 
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2.1  ANALYSIS  METHODS  FOR  BALLISTIC  PENETRATION 

The  need  to  determine  whether  the  projectile  can  penetrate  a  structural  member  arises  in  damage  analysis  whenever 
the  structural  element  being  analyzed  is  sliielded  by  adjacent  structure.  For  example,  in  assessing  damage  done  to  a 
spar  web,  it  is  important  to  recognize  that  the  attacking  projectile  must  first  penetrate  the  skin  and  that  its  velocity 
and  configuration  will  be  altered  by  the  penetration.  This  alteration  can  influence  the  extent  of  damage  inflicted  to 
the  spar  web.  Thus,  the  penetration-related  questions  that  arise  in  impact  damage  assessment  ares 

1.  Did  the  projectile  penetrate  the  shielding  element? 

2.  What  is  the  post-impact  condition  of  the  projectile  after  penetrating  the  shielding  element? 

If  the  projectile  does  not  penetrate  the  shielding  member,  then  its  subsequent  damage  capability  is  zero.  If 
penetration  does  occur,  the  damage  capability  of  the  emergent  projectile  depends  on  Its  physical  condition,  residual 
velocity,  and  attitude.  Ballistic  penetration  criteria  and  post-impact  projectile  conditions  are  discussed  in  the 
following  subsection. 

2.1.1  Ballistic  Limit  Assessment 

There  are  several  methods  of  defining  projectile  penetration  and  the  cor  -is ponding  threshold  velocity  at  which 
penetration  occurs,  usually  called  the  ballistic  limit  velocity.  Projectile  velocities  greater  than  the  ballistic  limit 
velocity  result  in  penetration.  Some  of  these  definitions  are  shown  in  Figure  2-20.  The  various  definitions  are  not  of 
great  concern  in  structural  assessment.  Whatever  the  definition  selected,  the  projectile  velocity  resulting  in 
penetration  50-percent  of  the  time,  designated  V50,  is  the  estimate  of  ballistic  limit  velocity  most  frequently  used. 

For  a  given  projectile,  the  ballistic  limit  velocity  depends  on  the  material  and  thickness  of  the  impacted  structure, 
and  the  angle  of  obliquity  between  the  structure  and  the  projectile  flight  path.  The  probability  is  very  high  that 
armor-piercing  projectiles  and  warhead  fragments  will  penetrate  typical  aircraft  structure  under  most  encounter 
conditions. 


Figun  2-20  Bill  it  tic  Limit  Dtfinitiorw  Commonly  Umd 


2.1. 1.1  Ballistic  Limit  Assessiitent  for  Metallic  Structure 


Ballistic  limit  prediction  models  are  given  in  Reference  2-2  for  several  aluminum  alloys,  titanium,  and  steels 
impacted  by  small-arms  projectiles,  and  in  many  other  available  references.  Reference  2-19,  for  example,  has 
penetration  equations  for  arm  or- piercing  projectiles  impacting  aircraft  structural  materials  and  Reference  2-20  gives- 
prediction  techniques  for  fragment  projectiles  which  are  widely  used  in  the  aircraft  vulnerability  community. 

Because  of  the  considerable  technical  literature  and  analysis  models  available  for  predicting  ballistic  limits,  only  an 
overview  will  be  presented  here.  The  reader  should  consult  with  vulnerability  specialists  for  specific  ballistic  limit 
data.  Figure  2-21  from  Reference  2-21,  shows  the  penetration  capability  of  rntumbled  small-arms  projectiles  and 
steel  fragments  as  a  function  of  tdrget  sheet  thickness  and  projectile  angle  of  obliquity  for  several  aircraft  materials. 
The  angle  of  obliquity  is  the  angle  between  the  projectile  flight  path  and  a  normal  to  the  impacted  surface.  These 
penetration  curves,  plotted  on  log-log  coordinate  scales,  may  be  used  for  approximating  purpose',. 

Figure  2-22  shows  the  penetration  capability  of  certain  missile  warhead  fragments  impacting  sheets  of  aluminum, 
steel,  and  titanium.  These  curves  were  calculated  using  the  Joint  Technical  Coordinating  Group  -  Munitions 
Effectiveness  (3TCG/ME)  penetration  equations  from  Reference  2-22,  with  a  fragment  shape  factor  of  0.5687. 
Because  of  the  importance  of  the  JTCG/ME  penetration  equations,  a  brief  summary  of  the  approach  is  given  below. 

The  JTCG/ME  penetration  equations  predict  ballistic  limit,  projectile  failure,  projectile  residual  velocity  and  change 
in  obliquity  following  penetration.  Projectile  impact  conditions  are  characterized  by  the  three  basic  parameters  V,  0, 
and  0,  representing  velocity,  obliquity,  and  yaw  angle,  respectively.  The  parameters  defining  the  configuration  of  the 
projectile  are  the  principal  dimensions  L  and  d  (length  and  diameter),  a  nose-shape  parameter,  the  nose  angle,  or  the 
nose  length  divided  by  the  projectile  diameter. 


The  general  form  of  the  ballistic  limit  equation  for  penetrators  impacting  with  zero  obliquity  (V^q)  is: 


(V50)0  = 

[c<P4V].k 

where 

C  = 

empirical  constant; 

*c  = 

density  of  the  projectile  core; 

t  = 

target  thickness; 

presented  area  of  projectile; 

W  -. 

weight  of  projectile; 

b  = 

empirical  constant; 

K  = 

empirical  constant. 

The  ballistic  limit  for  oblique  impacts  is  obtained  by  multiplying  the  above  prediction  by  the  secant  of  the  obliquity 
angle.  An  equation  of  similar  form  is  used  for  fragments. 
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366-T6  Al„  14-5-MM  AP. 

Figure  2-21  Typical  Ballittic 


2014T8  or  7078-T73  Al.,  7.62-mm  Ball. 


2014-T6  or  7075-T73  Al.,  7.62  mm  AP. 


2014-T6  or  7075-T73  Al„  12.7-mm  AP.. 


2014  TB  or  7076-T73  Al.,  14.&^nm  AP. 
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2.1. 1.2  Ballistic  Limit  Assessment  for  Fiber  Composite  Structure 


At  the  time  of  this  writing  there  is  not  enough  data  available  to  formulate  an  adequate  ballistic  limit  model  for  fiber 
composites.  There  is  a  test  program  underway  in  the  U.  S.  to  obtain  the  data  needed,  coordinated  by  AFFDL/FES  for 
the  3TCG.  Some  preliminary  test  resutts  from  that  program  were  obtained  from  AFFDL  and  used  with  several 
graphite/epoxy  ballistic  limit  test  results  available  from  Reference  2-12  to  develop  a  very  preliminary  ballistic  limit 
model  for  compact  steel  fragments  Impacting  graphite/epoxy  laminates  (see  Ref.  2-17). 


Formulation  of  the  model  was  based  on  the  penetration  equations  presented  in  the  "Penetration  Equations  Handbook" 
(Ref.  2-22),  mentioned  above,  released  in  draft  form  by  the  3TCG/ME.  The  model  for  ballistic  limit  (V50)  is  given 
below.  Its  application  is  limited  to  compact  milo  steel  fragments  impacting  0,  +45,90  graphite/epoxy  laminates. 

PtA  1.58 

V5Qcose  =  3925  ( - ,  (Eqn.2-1) 

where 

p  =  laminate  density  (lbs/in3), 

(0.056  lbs/in3  for  graphite/epoxy), 

t  =  laminate  thickness  (in), 


Ap  =  average  presented  area  of  the  fragment,  based  on  3TCG/ME  recommendations  as  follows: 
Ap  s  3L2/2  for  cubes; 

=  trd2/4  for  spheres; 

=  d2  (L/d)  +  ^  (^)jfor  cylinders  ; 

where  d  equals  the  diameter  of  a  sphere  or  cylinder,  L  equals  the  length  of  one  side  if  the 
fragment  is  cubical,  or  the  length  if  cylindrical; 

Wj  r  fragment  weight  (lbs), 

B  =  angle  of  obliquity. 


Figure  2-23  compares  model  predictions  with  the  (very  limited)  available  test  data, 
clarify  the  use  of  the  model: 

Given:  Fragment:  1/4-inch  mild  steel  cube: 


Laminate: 


Pstl 

8 


=  .283  lbs/in3 

=  0-degrees. 
Graphite/epoxy: 


P  =  0.056  ibs/in3, 


The  following  example  will 


t 


0.25-inch. 
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'V*» 

Figun  2-23  Preliminary  Ballistic  Limit  Modal  for  Graphite/Epoxy  Laminates 
Impacted  by  Compact  Fragments 


Calculations  for  V^: 

W{  =  Pst,  L3  =  (0.283X0.25)3, 

=  0.004422-lbs; 

Ap  =  |l2  =  |<0.23)2  =  0.094  -in2, 


V50  "  3925  (  I P)1,58sec  0, 


'  (0.056X0.23X0.094)1 1,?8(  1.0). 


=  576  ft/s. 


2.1.2  Projectile  Degradation  Due  to  Penetration 

The  interaction  between  the  projectile  and  the  structure  during  penetration  causes  physical  changes  in  both.  The 
alteration  of  the  projectile  configuration  is  of  importance  in  that  it  influences  the  potential  for  further  damage 
following  the  initial  impact.  For  most  armor-piercing  small  arms  projectiles,  there  are  two  principal  degrading 
mechanisms: 


1.  Stripping  the  jacket  from  the  projectile  (this  is  a  factor  in  incendiary  functioning). 

2.  Breaking  the  penetrator.  This  failure  mechanism  has  the  most  effect  on  subsequent  damage  and  penetration 
capability. 

Several  available  methods  for  predicting  the  extent  of  degradation  are  described  in  the  following  paragraphs. 

3act«et  Stripping.  Figure  2-24,  from  Reference  2-2,  is  a  regime  diagram  showing  the  condition  of  U.S.  .30  caliber 
bullets  after  impacting  aluminum  panels.  Regimes,  in  terms  of  projectile  velocity  and  panel  thickness,  are  shown  for 
a  nearly  intact  projectile  (i.e.,  little  detectable  physical  damage  after  impact),  and  projectiles  with  partially  and  fully 
stripped  jackets.  The  regime  diagram  was  developed  by  examining  projectiles  recovered  after  penetration.  It  is 
evident  that  increasing  the  angle  of  obliquity  causes  significant  increases  in  the  probability  of  jacket  stripping. 
Figure  2-25  shows  a  representative  collection  of  damaged  projectiles,  indicating  the  effect  of  velocity  and  obliquity 
on  projectile  degradation. 
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2.2  ANALYSIS  METHODS  FOR  BALLISTIC  DAMAGE  SIZE  AND  TYPE 


The  following  paragraphs  define  the  parameters  which  influence  the  size  and  character  of  projectile  impact  damage, 
and  describe  technicgies  for  analytical  prediction.  Predicting  damage  size  is  the  first  step  is  assessing  the  structural 
capability  of  impacted  structure,  since  damage  size  determines  net  section  strength  loss,  stiffness  loss,  and  the  flaw 
size  for  failure  analysis.  The  discussion  is  organized  according  to  projectile  type  as  follows: 

2.2.1  Non-Exploding  Projectiles) 

2.2.2  High  Explosive  Projectiles) 

2.2.3  Engine  Debris  Projectiles. 

Within  each  projectile  category  the  responses  of  both  metallic  and  fiber  composite  structure  are  discussed.  Section 

2.2.4  discusses  the  effects  of  fluid  pressure  in  causing  damage,  a  phenomenon  known  as  hydrodynamic  ram. 

2.2.1  Damage  Caused  by  Non-Exploding  Projectiles 

There  has  been  considerable  development  of  analysis  methods  for  predicting  damage  resulting  from  non-exploding 
projectile  impacts,  particularly  for  metal  structure.  Significant  progress  has  also  been  made  recently  with  regard  to 
predicting  damage  in  advanced  fiber  composites  such  as  graphite/epoxy. 

2.2.1. 1  Non-Exploding  Projectiles  Impacting  Metals 

f 

An  extensive  characterization  of  damage  from  nonexploding  projectiles  impacting  metals  is  reported  in  Reference 
2-T,  including  definition  of  the  types  of  damage  and  the  parameters  that  influence  damage  size.  Analysis  models 
were  developed  for  predicting:  (1)  upper  and  lower  limits  of  damage  size)  (2)  the  character  of  the  resulting  damage, 
eg.,  holes,  cracks;  and  (3)  the  probable  orientation  of  the  damage  relative  to  the  applied  loading,  the  material  grain 
direction,  and  the  projectile  trajectory.  Some  pertinent  results  from  Reference  2-2  are  summarized  in  Sections 

2.2. 1.1.1  and  2.2. 1.1. 2  below. 

2.2. 1.1.1  Non-Exploding  Projectiles  Impacting  Metals  -  Discussion  of  Parameters 
Influencing  Damage 

Figure  2-27  illustates  some  of  the  characteristic  features  of  projectile  impact  damage  in  metal  sheet.  Three 
components  of  damage  can  generally  be  identified:  1)  a  hole  through  which  the  projectile  has  passed,  2)  cracks 
emanating  from  the  hole,  3)  spallation,  i.e.,  material  removed  by  transverse  delamination.  The  region  between  two 
cracks  often  forms  a  "petal,"  particularly  in  thinner  gage  materials.  In  many  cases,  the  petal  may  detach,  thus 
increasing  the  size  of  the  hole.  Spallation  is  invariably  most  extensive  on  the  exit  surface  of  the  sheet,  although 
small  regions  of  spallatior.  are  often  present  on  the  entry  surface. 


ENTRY  SURFACE 


EXIT  SURFACE 

Figure  2-27.  Rtprmen  tet/ve  Projectile  Impact  Damage  in  Mint  Sheet 
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The  size  and  severity  o f  the  damage  depends  on  the  relative  prominanee  of  the  three  components,  which,  in  turn, 
depends  on  the  material  of  the  impacted  structure,  the  type  of  projectile,  and  the  velocity  and  obliquity  of  impact. 
For  example,  materials  and  conditions  which  augment  the  extent  of  cracking  result  in  increased  damage  size,  and  also 
increase  the  significance  of  the  damage  as  a  flaw  causing  degradation  of  residual  strength. 

The  encounter  and  structural  parameters  which  are  most  significant  in  determining  projectile  damage  size  ares 


1. 

Projectile  type, 

6. 

Applied  stress, 

2. 

Projectile  velocity, 

7. 

Target  sheet  rolling  grain  direction 

3. 

Projectile  obliquity, 

8. 

Target  structural  configuration, 

4. 

Target  sheet  thickness, 

9. 

Temperature. 

5. 

Target  sheet  material, 

The  following  paragraphs  describe  the  manner  in  which  these  parameters  influence  the  damage  resulting  from  an 
impact.  The  damage  referred  to  in  the  discussion  is  the  maximum  visual  damage  as  measured  in  the  approximate 
plane  of  the  impacted  sheet. 


Effect  of  Projectile  Size  and  Type  -  With  projectiles  that  are  similar  in  construction  but  of  different  size,  it  is 
generally  found  that  larger  projectiles  produce  larger  damage.  When  similarity  is  not  present,  however,  smaller 
projectiles  may  indeed  produce  more  damage.  For  example,  the  deformability  of  the  projectile  as  it  penetrates  can 
be  a  factor.  Ball  projectiles,  which  have  a  relatively  soft  core,  often  produce  greater  damage  than  armor-piercing 
projectiles  of  identical  size.  Similarly,  projectiles  with  jackets  tend  to  cause  more  damage  than  jacketless  projectiles 
of  the  same  size. 

Evidence  of  the  effect  of  projectile  type  (as  opposed  to  size)  on  damage  is  shown  in  Figure  2-28  which  compares  the 
damage  in  0.250-inch  7075-T6  aluminum  sheet  due  to  three  types  of  20-mm  projectiles,  fired  under  similar 
conditions: 

1.  Finnish  Laiite-type  armor-piercing  tracer  (APT)  -  weight  2320  grains; 

2.  U.S.  M-53  armor-piercing  incendiary  (API)  -  1550  grains; 

3.  U.S.  M-55-A2  training  round  -  1520  grains. 

The  maximum  damage  produced  by  these  projectiles  under  similar  impact  conditions  was  1.38,  5.0  and  2.6  inches, 
respectively.  The  largest  damage  was  produced  by  the  M-53,  which  has  a  deformable  nose  cap.  None  of  the 
projectiles  had  a  complete  jacket. 

Impact  damage  from  fragment  penetration  differs  from  that  caused  by  bullets  because  of  the  difference  in  the 
geometric  shapes  of  the  projectiles,  and  also  because  of  frequent  differences  in  striking  velocity.  Spin-stabiiized 
ogive  projectiles  can  induce  significant  in-plane  wedging  iorces  that  contribute  to  crack  and  petal  formation. 
Fragments  from  missile  warheads  and  high-explosive  projectiles  come  in  diverse  sizes  and  shapes,  so  that  it  is 
difficult  to  generalize.  However,  compact  (chunky)  fragments,  particularly  cubical  fragments,  tend  to  penetrate  by  a 
shearing  mechanism,  thus  "punching"  through  a  metal  panel.  Spallation  will  likely  occur  on  the  exit  surface,  even  at 
relatively  low  striking  velocities.  Representative  damage  patterns  from  compact  fragments  are  shown  in  Figures 
2-29  and  2-30,  showing  typical  shear  damage  patterns,  with  little  cracking  adjacent  to  the  perforation. 


Figure  2-  28.  Damage  in  0.25  7075-T6  Due  to  20*nm  Projectile  Impacts  (Similar  Impact 
Conditions) 
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Figure  2-29.  Damage  Type  Variation  with  Velocity,  Compact  Fragment, 
0.063  7075- T6.Q-0  deg 
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Figure  2-30.  Variation  in  Damage  Type  with  Obliquity  Angle,  0. 126  707S-T6  Aluminum 
Alloy  Impacted  by  Compact  Fragment 
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Effect  of  Projectile  Velocity.  For  a  given  target  material  and  projectile  obliquity,  the  variation  of  projectile  velocity 
can  result  in  the  damage  size  variation  shown  in  Figure  2-31  which  also  illustrates  the  concepts  of  incipient  damage, 
maximum  damage  and  high-velocity  damage.  The  response  is  characterized  by  a  maximum  damage  size  that  occurs 
just  above  the  penetration  (ballistic)  limit.  Cracking  is  the  predominant  damage  component  at  this  velocity.  Further 
increases  in  projectile  velocity  result  in  lesser  damage  (due  to  less  cracking),  until  a  plateau  is  reached  called  the 
high-velocity  damage.  The  high-velocity  damage  is  a  relatively  smooth  hole,  only  slightly  larger  than  the  projectile 
diameter.  The  increase  in  damage  with  reduced  velocity  is  evident.  Further  velocity  increases  do  not  produce  any 
significant  change  in  damage  size,  unless  velocities  can  be  reached  that  result  in  appreciable  projectile  break-up. 
The  difference  between  the  maximum  damage  and  the  high-velocity  damage  depends  primarily  on  sheet  thickness. 
Figure  2-32  is  a  photograph  showing  these  for  .30-caliber  AP  bullets  impacting  0.090-inch  7075-T6  sheet,  with 
velocities  ranging  from  800  to  2500  feet  per  second.  The  behavior  described  is  most  pronounced  for  spin-stabilized 
smaii-arms  projectiles  impacting  relatively  notch-sensitive  sheets  such  as  7075-T6.  However,  it  is  generally  true 
that  maxinun  cracking  occurs  when  the  striking  velocity  of  the  projectile  is  slightly  above  the  ballistic  limit 
velocity.  Reference  2-7  presents  supporting  data  from  fragment  impacts. 


Figure  2^Z  Ef*ct$  ofProjtctfh  Voiocity  on  Dm**  Sin  (.090  7070TB.  .30C4AP) 
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Effect  of  Projectile  Obliquity.  The  angle  of  obliquity  (or  impact  angle)  has  a  pronounced  effect  on  damage  size.  The 
following  are  generally  true  regarding  obliquity  effects: 

1.  When  impact  angles  are  increased  and  other  conditions  held  constant,  the  maximum  damage  will  also  increase  as 
long  as  projectile  velocities  are  sufficient  to  cause  penetration. 

2.  The  projectile  velocities  associated  with  incipient  damage,  maximum  damage,  and  the  onset  of  high-velocity 
damage  increase  directly  with  obliquity  angle  increase. 

Figure  2-33  illustrates  these  obliquity  effects,  and  Figure  2-34  is  a  photograph  showing  0.090-inch  7075-T6  impacted 
at  several  obliquities  with  velocity  held  constant.  There  is  a  significant  reduction  in  damage  size  as  the  obliquity 
angle  increases  from  60-  to  70-degrees  because  the  projectile  richochets  off  the  sheet  rather  than  penetrating. 


PROJECTILE  VELOCITY 


Figure  2-33.  Typical  Effect  of  Obliquity  on  Damage  Size 


Figure  2-34,  Effects  of  Obliquity  on  Damage  Site  (.090  70T6-T6,  .30  CelAFI 
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Effect  of  Sheet  Thickness.  Damage  size  is  highly  dependent  on  the  thickness  of  the  Impacted  sheet.  A  convenient 
thickness  parameter  is  the  ratio  of  sheet  thickness  to  projectile  diameter  (t/d)or  other  characteristic  dimension.  For 
small  arms  projectiles,  when  t/d  is  less  than  about  0.1,  the  hole  component  of  damage  predominates,  with  little 
cracking  or  spallation.  As  t/d  is  increased  beyond  0.1,  the  damage  size  increases  until  a  maximum  is  reached  at  t/d 
ratios  of  approximately  0.4.  The  typical  response  is  shown  In  Figure  2-35(a).  It  should  be  kept  in  mind  that  since 
damage  size  also  depends  on  projectile  velocity,  this  figure  shows  the  maximum  damage  that  occurs  for  each  given 
t/d  ratio. 

The  remaining  illustrations  in  Figure  2-35  demonstrate  the  effects  of  all  the  parameters  discussed,  namely:  the 
effect  of  projectile  velocity,  obliquity  angle  and  projectile  type.  Figure  2- 35(b)  illustrates  the  extent  of  scatter  in 
damage  size  test  results  near  the  ballistic  limit. 

Effect  of  Sheet  Material.  The  choice  of  material  will  have  a  marked  effect  on  the  resulting  size  and  type  of  damage, 
since  materials  differ  in  their  resistance  to  impact  damage.  A  comparison  of  damages  produced  under  identical 
impact  conditions,  changing  only  target  material,  will  show  large  differences  in  damage  size.  It  was  shown  that  the 
damage  sizes  for  2024-T3,  2024-T81  and  7075-T6  aluminums  have  the  ratios  1/2. 2/5.1,  respectively.  On  the  same 
basis,  the  ratio  for  6A1-4V  titanium  was  found  to  be  1.8.  These  materials  rank  in  the  following  order  of  damage 
resistance,  with  the  first  having  the  highest; 

1.  2024-T3, 

2.  6A1-4V, 

3.  2024-T81, 

4.  7075-T6. 

Since  damage  tolerance  is  also  dependent  on  material  properties  such  as  notch-sensitivity,  material  selection  is  a 
means  of  reducing  structural  degradation  due  to  battle  damage. 

Effect  of  Rolling  Grain  Direction.  Data  for  7075-T6  showed  that  there  is  a  higher  than  random  probability  that  the 
lateral  damage  (ie.,  the  greatest  damage  dimension)  will  align  with  the  grain  direction  apparent  in  rolled  sheet 
aluminum.  The  probability  was  higher  yet  (0.69)  when  the  supports  were  also  parallel  to  tin.  grain  direction.  The 
probability  increased  to  0.83  if  a  tensile  stress  field  was  applied  normal  to  the  rolling  grain  direction  at  the  time  of 
projectile  impact. 

Effect  of  Applied  Stress.  There  is  evidence  that  the  level  of  externally  applied  load  existing  at  the  time  of  impact 
can  have  a  significant  influence  on  the  induced  damage.  However,  this  influence  has  not  yet  been  quantified 
sufficiently  for  incorporation  into  analysis  methods.  The  available  evidence  consists  of  the  results  of  firing 
projectiles  into  tension  panels  under  load.  These  tests  have  shown  that  there  is  generally  a  threshold  stress  level 
causing  the  panel  to  fracture  immediately  upon  impact  (Ref.  2-23,  for  example).  This  threshold  stress  may  be  lower 
than  the  static  residual  strength  of  similarly  impacted  unstressed  panels.  Section  2. 5.1. 4. 3  discusses  this  effect  in 


A)  EFFECT  OF  TARGET  THICKNESS 


TARGET  THICKNESS/PROJECTILE  DIAMETER 


B)  EFFECT  OF  PROJECTILE  VELOCITY 


(V12S-INCH  7076-T6 
.30 CALIBER  BALL 
NORMAL  IMPACT 


u i 

s 

l 

o 

i 

CC 

§ 

! 

a 


1,000  2,000  3,000 

IMPACT  VELOCITY  (FT/S) 


TARGET  THICKNESS  t 

PROJECTILE  DIAMtfYtR  D 


C)  EFFECT  OF  OBLIQUITY  ANGLE 


(D  EFFECT  OF  PROJECTILE  TYPE 


Flgun  2-36  Effect  of  Ptrtmatan  on  Impact  Damage  In  Matak 


more  detail,  from  the  standpoint  of  residual  strength  analysis.  From  the  standpoint  of  damage  assessment,  it  is  at 
least  certain  that  applied  stresses  equal  to  or  greater  than  the  threshold  level  will  very  likely  cause  an  increase  in  the 
induced  damage  size,  depending  on  the  potential  for  crack  extension.  There  is  currently  no  analysis  method  which 
relates  applied  stress  (either  tension  or  compression)  to  damage  size. 

Effect  of  Struct  ixal  Configuration.  Typical  aircraft  structure  consists  of  skin  with  stiffening  elements.  Limited  test 
results  tend  to  indicate  that  damage  size  in  skin  is  influenced  by  the  proximity  of  stiffeners.  The  damage  size  in  the 
skin  is  smaller  for  impacts  near  the  stiffener;  however,  the  damage  can  be  larger  if  the  stiffener  is  also  impacted. 
There  is  currently  no  verified  analysis  method  which  addresses  the  effect  of  adjacent  stiffening  on  damage  size  and 
type. 

Effect  of  Temperature.  Reference  2-7  reports  damage-assessment  testing  of  2024-T3,  7075-T6,  6A1-4V  and  4130 
steel  chilled  to  -6^°F.  The  aluminum  and  the  titanium  alloys  did  not  show  increased  damage  size  at  the  reduced 
temperature.  The  steel,  however,  showed  an  appreciable  increase.  Further  definition  of  this  Effect  is  not  currently 
available. 
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2.2,1. 1.2  Non-Exploding  Projectiles  Impacting  Metals  -  Damage  Size  Prediction 

The  previous  section  described  the  parameters  influencing  the  size  and  character  of  ballistic  impact  damage.  The 
following  paragraphs  present  analysis  models  for  predicting  damage  size  which,  in  general,  incorporate  the 
parameters  of  major  importance.  The  methods  presented  are  applicable  to  small  arms  projectiles  and  compact 
fragments  such  as  generated  by  some  types  of  missile  warheads  and  engine  debris.  Small  arms  projectiles  are  treated 
first,  reflecting  the  most  advanced  analytical  development.  This  is  followed  by  a  fairly  well-developed  method  for 
predicting  damage  size  from  compact  fragments.  In  both  cases,  the  analysis  methods  predict  a  measure  of  damage 
which  is  considered  most  influential  in  causing  structural  degradation. 

rhis  raises  a  fundamental  question  in  regard  to  ballistic  damage  assessment.  Ballistic  damage  is  complex,  and 
decisions  must  be  made  concerning  what  components  of  damage  should  be  measured  and  incorporated  into  analytical 
models.  This  question  is  probably  never  resolved  to  everyone's  satisfaction.  However,  a  purely  engineering  approach 
has  been  of  some  value,  in  which  the  appropriate  damage  measure  is  defined  as  a  dimension  parallel  to  the  original 
surface  of  the  impacted  sheet  that  encompasses  either:  1)  the  tip-to-tip  length  of  a  crack,  or  2)  the  diameter 
defining  the  extent  of  spallation,  or  3)  the  diameter  defining  the  extent  of  combined  cracking  and  spallation.  The 
largest  such  dimension  is  defined  as  the  "damage"  resulting  from  the  impact  being  considered.  The  term  "lateral 
damage"  has  been  used  in  the  literature. 

Small  Arms  Projectiles  Impacting  Metals  -  Damage  Size  Prediction.  A  damage  size  model  for  bullets  impacting 
metals,  LATDAM,  is  presented  in  Reference  2-2.  This  model  has  been  applied  in  many  aircraft  vulnerability 
assessments  to  predict  the  upper  and  lower  bounds  on  the  damage  size  caused  by  projectile  impact.  The  predictions 
given  are  the  largest  extent  of  the  damage  within  the  plane  of  the  target. 

The  damage  size,  which  is  subject  to  large  scatter  ranges,  is  represented  by  two  fourth-order  polynomial  equations 
that  bound  the  expected  damage  size.  Each  equation  is  controlled  by  the  damage  and  velocity  coordinates  of  three 
points.  These  three  points,  shown  in  Figure  2-36,  are: 

1.  The  point  of  incipient  damage  (for  the  upper  bound  damage  prediction)  or  the  point  of  guaranteed  damage  (for 
the  lower  bound  damage  prediction); 

2.  The  point  of  maximum  damage;  and 

3.  The  point  of  onset  of  high-velocity  lateral  damage  (modest  velocity  increases  beyond  this  point  cause  little 
change  in  damage). 
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The  coordinates  of  these  points,  both  velocity  and  damage,  are  functions  oft  (1)  impact  condition  parameters  such  as 
velocity  and  angle;  (2)  projectile  parameters  including  size,  type  and  shape,  and  (3)  structural  parameters  including 
thiclmess  and  material.  All  of  these  have  been  incorporated  into  the  damage  model  through  the  use  of  suitable 
constants  and  functions.  The  basic  form’ of  the  damage  size  equation  is  defined  in  Figure  2-36,  wheret 


e 

MLD 

NIMLD 


a,  6,  Y,  6 


K 


e 


impact  velocity  multiplied  by  (cos  9)  °'7, 
impact  angle  (obliquity), 
maximim  damage  =  NIMLD  Kg, 

maximum  damage  under  normal  impact;  a  function  of  t/d  ratio,  target  material,  and  projectile 

type, 

constants  that  depend  on  the  relation  between  the  points  of  maximum  damage  and  onset  of  high- 
velocity  damage, 

correction  factor  for  oblique  impact;  a  function  of  impact  angle,  t/d,  target  material  and  projectile 
type. 


The  empirical  constants  needed  in  the  damage  prediction  ecfjation  have  been  developed  for  U.S.  .30  and  .50  caliber 
armor  piercing  and  ball  projectiles  impacting  sheets  of  2024-T3,  2024-T81,  7075-T6  aluminums  and  6A1-4V  titanium 
at  impact  angles  up  to  70  degrees.  The  damage  prediction  elation  has  also  been  developed  for  a  series  of  simulated 
warhead  fragments  using  the  length  to  diameter  radio  of  cylindrical  fragments  for  projectile  characterization. 
Extension  of  this  model  to  other  materials  will  require  additional  ballistic  testing.  However,  the  range  of  damage 
sizes  represented  by  the  2024-T3  and  7075-T6  aluminum  alloys  should  cover  the  sizes  expected  for  many  metals. 
That  is,  few  metals  will  show  less  ballistic  damage  than  2024-T3,  and  few  will  show  greater  damage  than  7075-T6. 


The  following  paragraphs  give  a  more  detailed  description  of  the  LATDAM  damage  size  model,  including  a  sample 
damage  size  calculation. 


Model  Statement 

Upper  Limit: 


LD 


UL  =  1 


0  (for  V*  <  Vj) 

Kg  .  NIMLD  (a^v4  +  fi^v3  +  Y4v2  +&4v) 
(for  Vj  <  V*  <  V3) 


Lower  Limit:  r 


LD 


LL 


V 


HVLD  (for  Vj  <  V*) 

0  (for  V*  <  Vj*) 

NIMLD*  (a4*v4  +  84*v3  +  Y4*v2  +  &  4v> 

(for  Vj  V*  *5  V3) 

HVLD*  (for  Vj  <  V*) 


Input  Parameters 


V  = 
V*  = 
0  = 
d  = 
t  = 
v  = 


NIMLD  = 
HVLD  = 
HVLD*  = 
NIMLD*  = 


impact  velocity  (ft/s), 

V  (cosQ)0,7, 

impact  angle  (degrees), 
projectile  diameter  (in), 
target  thickness  (in), 
normalized  impact  velocity, 

V  (cos  0)  0,7-V  j 

V^i  ’ 

cld(al  ('7)  +  01  (T)  +  \  ("cT)  +  61  ('T)  +  e  1)( 
d(Cj  +  0.6  (t/d)2), 

3/4  (HVLD), 

HVLD*  +  1/4  (NIMLD-HVLD*), 

Vj  +  200  ft/s. 


(Eqn.  2 -2a) 


(Eqn.  2-2b) 


Although  constants  are  available  only  for  U.  S.  projectiles,  the  models  provide  reasonably  accurate  damage 
predictions  for  7.62,  12.7,  and  14.3  mm  projectiles  when  the  constants  for  the  most  closely  related  projectile  are  used 
along  with  the  actual  projectile  diameters.  The  validity  of  the  model  for  projectiles  larger  than  14.5-mm  has  not 
been  definitely  shown.  The  available  information  indicates  that  only  the  HVLD  portion  is  needed  to  predict  normal 
impact  lateral  damage  for  solid,  nonjacketed  projectiles  of  any  size. 
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There  are  several  possible  approaches  that  oould  be  used  to  predict  damage  from  oblique  impacts  by  projectiles  larger 
than  14.5-mm.  One  approach  would  be  to  apply  the  Kq  correction  directly  to  the  HVLD  prediction.  Another  would 
be  to  modify  the  appropriate  Kp  constants  based  on  projectile  diameter  and  use  the  model  as  Is.  Lastly,  the 
predictions  provided  by  the  .50  caliber  projectiles  could  be  used  directly. 

Damage  predictions  for  the  impact  of  yawed  projectiles  can  be  estimated  by  substituting  a  projection  of  the 
projectile  length  for  the  diameter  d.  At  normal  impact  angles,  the  full  projection  can  be  used.  The  projection  length 
should  be  reduced  for  obiic^je  impact  angles  since  the  model  already  accounts  for  an  increased  projectile  diameter 
caused  by  tumbling  during  oblique  impact.  However,  there  is  insufficient  experimv..  .al  verification  for  confident 
application  to  yawed  projectiles. 

The  following  Tables  2-1  through  2-11  present  the  equations  and  constants  required  for  applying  the  LATDAM  model. 
Those  interested  in  implementing  the  damage  model  should  consult  Ref.  2-2. 


Ttbk  2-1.  La rare/  Dtmagt  Modoi-Uppor  Limit 


Ttbh  2-2.  Lattnl  Dtmtgt  MoM-Lomr  LlmJt 


Ttbh  2-3.  Umlti  on  Kf  and  Kj 


a  Equation  number:  2-2b 


a  Batk  form: 
LD 


’  !£?D-^4+'«v3+7«v2+v)vi<  v3 

V  >  v3 

i: 

•{■(*;  -fijs-fc-s  4)]}] 


a  Calculation  form 
LD-  MLD 
•  Inputi  and  constants: 


NIMLO  from  aquation  2-7 
HVLD*  from  aquation  2-9 

°4>  uj  .  y«  .  *4  ,  tea  aquation  2-2a  using  MLD*  and 

*  -  HVLD* /MLD* 

MLD*  -  HVLD*  +  1M  (NIMLD  -  HVLD*) 

MLD*  -  HVLD*  for  .30-cel|ber  ball 


a  Equation  number;  K1(  2-3;  K3, 2-4,  2-6 
•  Bade  form: 

Lower  Umit-wlution  ofji,'4*  -  4K3*  +  9K2*  -  4K  + 1  -  0} 
Upper  limit -aolutlon  of  |K  -  2)  -  2K  +  1  -  o} 

a  Calculation  forma: 

Lower  limit-  *l_,M{1+*kLL  [»-  KLL(«  -  KL1jJ } 
Iterate  ttarting  with  K  -  0.26 
Uppar  limit-  Ku  -  f/2  { t  +  tHCuL3(KuL  -  2)} 

Iterate  ttarting  with  Ku(_ »  0.5P 


a  Input: 

Equation  2-4, 2-6  tl>  -  th  from  aquation  2-2a  calculatlone. 

Uaa  both  llmitt. 

Equation  2-J  y  -  ny  from  aquation  2-7  calculation.. 

Uta  lower  Imtt  only. 
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Table  2-4.  Velocity  Umitt  Vj,  V^,  Vj 


•  Equation  numbar:  3-6 

*  Basic  form: 

V,  -  C„  In  (t/d)  -  Cj2  >  V,'  (ftAec) 
Vj  -  V,  t  200  <ft/a«c> 


a  Input: 

t  -  thaat  thickness 
d  -  projectile  diameter 


*  Constants: 
projactlla 
and  malarial 


Velocity  of 

Incipient 

panatratlon 

V1 


Vslodty  of 

maximum 

lateral 

damage 


V2 


Valodty  of 
onaat  of  high- 
velocity 

lateral  damage 

V3 


cn 

C12 

V 

C21 

C22 

V 

C31 

C32 

V3' 

J0<allber  armor-plarclng 
2024-T3  550 

BOO 

100 

600 

1 ,340 

600 

600 

2,600 

1.800 

2024-T81 

860 

750 

100 

600 

1,340 

600 

600 

2.180 

1.800 

707  5T6 

660 

760 

100 

726 

1,680 

600 

1,126 

3,260 

1,800 

6AI*4V  titanium 

600 

1,100 

100 

726 

2,000 

600 

680 

3.200 

2,400 

.30-callber  ball 

2024-T3 

650 

1.250 

100 

725 

1,800 

600 

600 

2,180 

1.800 

2024-T81 

660 

1,250 

100 

726 

1,800 

600 

600 

2.180 

1,800 

7075-T6 

660 

1,350 

100 

725 

1,640 

600 

870 

2.600 

1.800 

,50-callber  ball 
and  armor  piercing 

2024-T3 

660 

1,080 

100 

726 

1,800 

600 

600 

2,180 

1,600 

2024-T81 

650 

1,080 

100 

726 

1,800 

600 

600 

2,180 

1,600 

7075-T6 

660 

1,080 

100 

726 

1.580 

500 

870 

2,500 

1,500 

6AI4V  titanium 

600 

1,100 

100 

726 

2,320 

800 

580 

3,200 

2,000 

Table  2-5.  Normal  Impact,  Maximum  Lateral  Damage 


•  Equation  number :  2-7 
a  Basle  form : 


NIMLD- 


t/d  <  u 


C,  d^jA4*  (Jj  X3  +  Y2A2  +«2X)»i  <  ,/d<  ^+t1 
C,  p  +  (,  <  v 


•  Calculation  form : 

NIMLD  -  Ctd 
a  Inputs  and  constants  (in  order  of  use! 


x  1 62  +  X  jrj  +  *  (?2  +  *a2 )J  | 


Cq  from  aquation  2-14 
Cj  from  equation  2-1 2 
Cj  from  equation  2-13 

tj  ■  Cj/Cj 


Aluminum 

Titanium 

n 

0.15 

0,10 

*1 

0.70 

0.60 

h 


solution  to  aquation  (2-3) 

(i-k,)3,-a,.k?(,-k,)3.k?.a2 


3K,  -  1 


♦  V 


K,  -3 


-4K,-4K,+2  ^-2K,+4K,  +  4 


-+  t) 


2-4K,(l+K1)  /4  +  K,(4-2K,) 

- - -  +  l| 


2  /  3  2 

8K,  -K,  -1  (  K,  +  K,-  BK, 

-  +  tj 


J1 


k,(bk,-i)-i  /ki[k,<k,  +  i)-^\ 

A,  +  "  V  *2  / 


3  2 

-2K,  +4K, 


-4K,+2K, 

-  +  t) 

A,  V  A, 

2K,(t-2K1)  /wft-K,) 

• -  +  n 

Ai 
t/d  -p 

— 7 -  t  -  target  thickness 

*1  d  -  projectile  diameter 


Jteaai 


Table  2-6 .  Normal  Impact  Lateral  Damage  Model 


•  equation  number:  2-8 
•Basic  form: 


■  c° •  dja,  (t/d)4  +  0,  (t/d)3  +7,  (t/d)2  +  8,  (t/d)  +  e,j 


•Calculation  form : 
NIMLD  -  C,  • 


•Input  and  comtants: 

Cp  from  aquation  2  14 
C]  from  aquation  2-1 2 
Cj  from  aquation  213 


m;  p 

I  •  d  e,  +  (t/dljs,  +  (t/d|  7i  +  (t/d)  ^0,  +  a,  •  t/d^ 


Oj,  0j,  7j.  6j>  M  -la*  aquation  2-7 
a2 


t/d  <  p  _h_  ^2_ 

*>  ■  (i.y1  ■  («,). 


/  V\  (H\  kA,\ 

^,jy '  W/  *  W/ 

8  2  72  3p20j  4p3aj 

W'w'w'w" 

/  h62\  m;i3  .Tj  ^ 

‘AW  W  ‘w'(7T 


/aWe  28w.  Constants  for  NIMLD  Equation 


Material  and 
projectile 


.30  caliber  armor-piercing  Kp  »  1.0 

2024-T3  II  -27.693 

2024T81  -30.639 

7075- T6  II  -32.782 

6AI-4V  mill  anneal  (Ti)  -124.320 

.30 -caliber  ball  Kp  -  2.1 

2024-T3  29.838 

2024-T81  -31.700 

7076- T6  -32.880 

.60-calibar  armo  -piercing  and 
ball  Kp-2.1 

2024T3  -29.838 

2024  T81  -31.700 

707&-T6  -32.880 

6AI-4V  (Ti)  -129,062 


*1 

fl 

81 

e1 

76.150 

-74.162 

29.033 

-2.929 

83.635 

-80.633 

31.032 

•3.107 

89.336 

-86.697 

32.678 

-3.243 

238.604 

■160.968 

42.869 

2.904 

81.720 

-79,044 

30.644 

•3.064 

86.639 

-83.268 

31.836 

-3.178 

89.688 

-85.916 

32.645 

-3.248 

81.720 

-79.044 

30.644 

-3.064 

86.639 

•83.258 

31.836 

-3.178 

89.688 

86.916 

32.645 

-3.249 

247.199 

■166.206 

43.972 

-2.969 

Table  2-7.  High-Velocity  Lateral  Damage 


•  Equation  number:  2-9 

•  Basic  forms: 

HVLD  -  d  Jc3  +  0.6  (t/d)2]:  HVLD*  -  3/4  (hVLd) 

•  Input  and  constants: 

d  -  projectile  diameter 
t  -  target  thickness 


7075-T6 

6A.-4V 


Tab/*  2-8.  K.  Corroctioo -70 7&-T6  Aluminum 


a  Equation  number :  2-10 
•  B«*Ec  form : 


(h,  t/d  <  I 

'3  It/d)3  ♦  flj  (t/d)2  +  Tj  (t/d)  +  5j  (At  > 


•  Calculation  form: 


*■» -|*3  +  <t/d)  T3  ♦  (t/d)  ♦  (t/d)  •„)]} 


•  Input  and  oonatanta  (In  order  of  uaa); 


Project  lie 

C10 

h 

.30  caliber  armor- 
piarcing 

0.006 

0.21 

,30-callber  ball 

0 

- 

,60-cailbar  armor- 
piarcing 

0.001 

0.3B 

C,o#  +  U 

1.0  a  2.U  <#^*0)2  -  1  JO  (»/E0>3 
(1J-OJ0420I)  (d/.30*a* 

h*2 

h1  ~h2 

2f 

<hf 


8  •  Impact  angla 
t  ■  target  thicknatt 
d  -  projectile  diameter 


hi  -[W^)'] 


Table  2-9.  K0  Correction  for  2024  Aluminum  end  6AI-4V  Titanium 


•  Equation  numbtf ;  2*1 1 

•  Basic  form: 

r  h. 


o3  ll,'d>3  *  83  (t/d)2  +  T3  (t/d)  +  i3 
(1-h3)  (t/d-tj)2 


<4.6  -  h3)2 


t/d  <  l3 

t3  <  tAJ  <  (j 

t2  <  t/d 


•  Calculation  form : 


■|«3  +  (t/d)  73  +  <t/d)^! 


(Jg  +  (t/dtag 


C^Cr  +  1.0 

ci18ct  +  i.o 

V*2 

(hfhj) 

(1  -Kj)3 


-3Q*Kz)t 

(fj)2 


•  Input*  and  content*  (in  ordar  of  uaa) : 
I  Material  and  projectile 


2024 _ 0.0H7 

6AI-4V  0.08 

.30- caliber  armor-piercing 
.BO-callbar  armor-piarcing 


-  h, -[(K2)2(3-k2lf] 


80  dag  |  7076-TB 


.3&CALIBER  BALL - ‘ 

(ALL  ANGLES) 


’  *^*40  dag  '  20  dag 

70  dag  60  ** 


70 dag  80 dag  Wd*8 


TARGET  THICKNESSfl'ROJECTILE  DIAMETER  (t/d) 
(a)  .30-CALIBER,  ARMOR -PIERCING  AND  BALL 


TARGET  THICKNESS/RRC IECTILE  DIAMETER  (t/d) 
(W  JO-CALIBER  ARMOR -PIERCING  AND  BALL 


Figur*  2-37.  Kg  for  7075-TB  Aluminum  IS**  R*f.  2-2  For  Oth*r  M*t*ri*/t) 
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TM»2-10.  NIMLD  Contttntt  Cq.  Cp  C2 

|  a  Equation  numban:  2-12, 2-13, 2-14 
•  Baric  form : 


Thlmaactlon  NIMLD 

-  °0  * 

1-0  +  Km  (0.40) 

12-14) 

Principal  NIMLD 

-  Cl  ■ 

1.0  +  1.9  K_Km 

p  rn 

(2-12) 

Thick-tact  Ion  NIMLD 

-  c2  - 

1.0  +  0.46 Km 

(2-13) 

aCorotantr: 


Projactlk 

KP 

,30-callbar  armor- 
pi  arcing 

1.0 

,30-callbar  ball 

2.1 

.  60-aalibar  armor- 
pi  arcing 

2.1 

.60-cailbar  ball 

2.1 

Target  matarial 

K_ 

m 

Aluminum  2024-T3 

1.0 

2024-T81 

2.2 

7076-TS 

5.1 

Titanium  6AI-4V  mill  annaal 

1.8 

6AI-4V  ipadal  annaal 

1.86 

8AI-1V-1  Mo  dupiax  annaal 

2.78 

8AI-IV  IM0  mill  annaal 

3.0 

Tabh  2-11 .  Cormtmtt  Cq,  Cp  Cy,  Cj 


Matarial  and  project  Ik 

Co 

Cl 

C2 

C3 

,30-oallbar  ermor-pkrcing 

2024-T3 

1.4 

2.9 

1.46 

1.6 

2024-T81 

1.9 

6.1 

2.0 

1 JS 

707B-T8 

3.0 

10.8 

3.3 

1.76 

6AI-4V  mill  annaal 

1.7 

4.4 

1.8 

1.76 

,30«allber  ball 

2024-T3 

1.4 

8.0 

2.0 

1.6 

2024-T81 

1.9 

9.8 

3.1 

1.6 

707B-T8 

3.0 

21.6 

6.8 

1.76 

.GO-callbar  armor-piercing 

and  ball 

2024-T3 

i.4 

6.0 

2.0 

1.6 

2024-T81 

1  .9 

9.8 

3.1 

1.6 

707B-T6 

30 

21.6 

6.8 

1-76 

6AI-4V  mill  annaal 

— 

1.7 

8.2 

2.7 

1.76 

Sample  Calculation 


The  use  of  the  damage  model  is  best  demonstrated  by  the  following  example  calculation  of  the  damage  resulting  from 
a  .30  caliber  bullet  impacting  a  wing  panel.  The  conditions  are: 


Projectile: 

Impact  Velocity: 
Impact  Angle: 
Target  Material: 
Target  Thickness: 


.30  caliber  AP,  Kp  =  1.0  (Table  2- 10), 

2080  ft/s, 

59./  degrees, 

7075-T6  aluminum,  Km  =  5.1  (Table  2-10), 
0.090  inches. 


The  calculation  procedure  is: 

1.  Calculate  t/d  =  0.090/0.300  =  0.30 

2.  Determine  Kg  from  Table  2-8,  noting  that  t/d  =  0.3  is  greater  than  £  3  =  0.21. 


'10 


u  3  - 

03  = 

Yi  = 


Ke  = 


0.005 

1.0  +  (0.005)  (59.7) 


1.299 


1<0  *  2.85  <^)3  -  1.9  (%?)3  =  1.95 

[l.O  -  (0.00429)  (59.7)]  (30/30)1/2  =:  0.744 

0.21 


0.282 

,\3 


0.744 

1.299  -  1.950 
(1-0.282) 

(2)  (-1.762) 

(0.744)3 

(3)  (1  +  0.282)  (-1.762) 


(0.774) 


(6)  (0.282)  (-1.762) 
(0.774) 


1.762 

=  -8.561 

=  12.250 

-4.012 


63  =  1.-299-  [(0.282)2  (3-0.282)  (-1.762)  ]  =  1. 


680 


6  3  +  (t/d)  +  (t/d)  •  [83  +  (t/d)  O  3]  J 

1.680  +  (0.30)  |  -4.012  +  (0.30)  [l2.250  +  (0.30)  (-8.561)]  J 


1.348 


1  Bit- H HUM  4 


3)  Calculate  Cj  from  Table  2-  10,  noting  that  t/d  is  greater  than  p  =  0.13. 

C,  -  1.90KpKm  +  l  =  (1.90)  (1.0)  (5.1)  +  1  =10.6 

4)  Calculate  NIMLD  from  Table  2-6  using  constants  from  Table  2-6a. 


ci<,[£i  +  ^ i  +  [y  i  +  ('^  (S)  *  a  i  (t/d)]jj 

(0.300)  (10.6)  |-3.243  +<0.3)  1 32.578  +  (0.3)  [-85.697 
+  (0.30)  (89.336  +  (0.3)  <-32.782))]j j 


=  3.06  inches 

5)  Calculate  HVLD  from  Tabic  2-7: 


HVLD  =  d  (C3  +  0.6  (t/dr) 

=  0.541  inches 

6)  Calculate  V.,  Vj,  and  (see  Table  2-4): 


0.300  (1.75  +  0.6  (  0.300 H 


1125  In  (0.30)  +  3250 
1795.5  ft/s 


1895.5  ft/s 


+  0.657 


HVLD 

NIMLD-K,. 


650  In  (0.30)  +  750  =  -782  +  750  =  -32  ft/s 
V  |  =  V |  =  100  ft/s  (a  limiting  value) 

725  In  (0.30)  +  1580  =  707.1  ft/s 


V*  =  V  (Cos  o)  °'7-V.  =  2080  (Cos  60)  °-7- 100  =  1 180  ft/s 


=  0.131 


7)  Calculate  Kj  (see  Table  2-3): 

Obtain  solution  ot:  f  K^-  4K3fy+  6Kj>-  4K3  +  1  -  0  j-  0.2 

Obtain  solution  of:  | -2K3  +  1  +  ifi  K32(K3-2)  =  o|  =  0.5 13 
Since  0.261  <  0.338  <0.513  J 


8)  Calculate  remaining  constants  defined  in  Table  2-i: 
A,  =  (0.338)Z(1  -0.338)3  =  0.033 


(1.0  -  0.338)  =  0.290 

a/Mao 


0.338  -3 


(-4)  (0.338) 2  -(4)  (0.338)  +2  (-2)  (0.338)2+<4)  (0.338)  +4 

- ATTTJ - +  (0.1311 - r?® - 


(8)  (0.338)2-Q.338-l  (0.338)3+(0.338)2-8( 0.338) 

0.033  +  'U-13U  0.290 


-4(0.388)Z+  2(0.338)  -2<0.388)+4(0.338)4 

0.033  +  0.290 


9)  Calculate  the  Upper  Limit  on  Lateral  Damage  (see  Table  2-1): 


LDUL  =  (3.06)  (1.35)  (0.657)[  6.780  +(0.657)  -13.944  +  (0.657)  [8.073  +  (0.657)  (-0.778)]!  ] 

in  =  T  IQ  * 


2.39  inches 
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10)  Calculate  coefficients  for  Lower  Limit  on  Lateral  Damage 

Vj*  =  100  +  200  =  300  ft/s 

V3-V,*  =  1595.5  ft/s 

V*  =  2080  (cos  59.7)  0,7-300  =  980  ft/s 

v  =  980/1  595.5  =  0.619 

HVLD*  =  3/4  (0.591)  =  0.406  inches 

N1MLD*  =  0.406  +  1/4(3.06-0.406)  =  1.070  inches 

4*  =  0.406/1.070  =  0.379 

K3  =  0.289 

A  3  =  0.030 

A4  =  0.359 

a4  =  -7.289 

=  22.246 

Y4  =  -23.005 

64  =  8-427 

11)  Calculate  the  Lower  Limit  on  the  Lateral  Damage  (see  Table  2-2) 

LD  =  (1.07)  (0.614)  [8.427  +  (0.614)  {-23.005  +  (0.614) 

LL  [22.246  +  (0.614)  (-7.289)]}] 

=  0.658  inches 

In  Reference  2-2,  upper-  and  lower-limit  damage  prediction  curves  were  calculated  and  graphed  by  computer  for 
conditions  listed  below.  Figure  2-38  is  an  example  of  the  type  of  graph.  The  conditions  graphed  were: 

Projectiles:  .30-ccJiber  AP, 

.30-caliber  ball, 

.50-caliber  AP  and  ball; 


Figure  2-33.  Sample  Damage  Prediction  From  LATDAM  Model 
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Materials: 


Thickness: 


Impact  Angles: 


2024-T3  aluminum, 

2Q24-T81  aluminum, 

70.’ 5-T6  aluminum, 

6AL-4V  titanium  (except  .30-caliber  ball); 

0.032,  0.063,  0.090,  0.125,  0.160,  0.190,  0.250, 
0.375,  0.500,  0.750,  1.000  inches; 

0,  20,  40,  60,  and  70  degrees. 


As  a  convenience,  the  upper-limit  damage-s;ze  predictions  have  been  reformulated  in  terms  of  maximum  upper-limit 
damage  for  varying  panel  gages  over  a  specified  velocity  range.  The  results  are  presented  in  Figures  2-39  through 
2-42.  These  curves  provide  a  condensation  of  the  prediction  curves  in  Reference  2-2.  This  is  made  possible  by 
transforming  the  velocity  variation  into  a  velocity  range  (0  to  3200  ft/s),  and  plotting  the  maximum  damage  within 
the  range. 


Test  data  reported  in  Reference  2-7  have  been  used  to  extend  the  damage  size  prediction  capability  of  Reference  2-2 
to  additional  structural  materials  and  several  foreign  projectiles.  A  limited  number  of  damage  eviuation  tests  were 
conducted  using  the  following  materials: 

7475-T761,  4130  steel  (83  ksi), 

7475-T61,  4130  steel  (178  ksi). 

2219-T87, 

Based  on  analysis  of  the  data  in  Reference  2-7,  it  appears  that  the  maximum  damage  in  7475-T61,  7475-T761, 
2219-T87  and  4130  (83  ksi)  is  approximately  one-half  that  of  7075-T6  for  identical  small  arms  projectile  impacts.  On 
the  same  comparison  basis,  4130  steel  heat-treated  to  178  ksi,  shows  maximum  damage  one  and  one-half  times  that 
of  7075-T6.  The  latter  result  demonstrates  the  effect  of  heat  treatment  on  damage  size  in  a  high-strength  steel. 
Tliese  conclusions  are  tentative,  and  further  test  verification  is  desirable. 


Figure  2-39.  Maximum  Upper  Limit  Lataral  Damage  for  7075-T6 


MAXIMUM  UPPER  LIMIT  LATERAL  DAMAGE  (INCHES) 


MAXIMUM  UPPER  LIMIT  LATERAL  DAMAGE  (INCHES) 
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PANEL  THICKNESS  (INCHES)  PANEL  THICKNESS  (INCHES)  PANEL  THICKNESS  (INCHES) 


Figure  2-42.  Maximum  Upper  Limit  Lateral  Damage  for  2024-T3 


Compact  Fragments  Impacting  Metals  -  Damage  Size  Predctiat  Photographs  of  typical  damages  from  compact 
fragments  were  shown  previously  in  Figures  2-29  and  2-30.  Compact  fragments  are  those  having  a  length  to 
diameter  ratio  of  approximately  unity.  Damage  prediction  techniques  for  fragments  impacting  metal  are  not  as  well 
developed  as  the  prediction  techniques  for  small  arms  projectiles.  This  is  partially  due  to  the  diversity  of  fragment 
sizes  and  shapes,  ranging  from  cubes  to  continuous  rods.  Although  the  dimensions  of  preformed  or  controlled 
fragments  are  relatively  precise,  fragments  generated  by  natural  fragmentation  have  somewhat  random  shapes. 

An  analysis  model  was  developed  in  Reference  2-7  for  predicting  damage  size  in  aluminum  due  to  singly  impacting, 
high-velocity  compact  fragments,  and  verified  by  ballistic  test  data  available  in  1973.  In  total,  the  fragment  damage 
data  available  encompassed  two  materials  (7075-T6,  2024-T3),  sheet  gages  from  0.032  to  0.375  inches,  three 
fragment  types  (cubes,  cylinders,  spheres),  angles  of  obliquity  from  0  to  80  degrees,  and  velocities  up  to  6,000  feet 
per  second.  The  model  is  described  below,  and  should  be  applicable  to  low-density  fragment  impacts  from  missile 
warheads,  particularly  surface-to-air  missiles.  High-density  impacts  induce  interactions  between  adjacent  damages, 
and  there  is  currently  no  general  method  available  for  quantifying  the  resulting  damage. 

As  explained  in  Reference  2-7,  examination  of  the  fragment  damage  data  indicated  that  the  lateral  damage  is 
essentially  independent  of  projectile  velocity  in  the  high-velocity  range  (2,000  to  6,000  ft/s).  This  behavior  is  similar 
to  that  established  for  small  arms  projectiles  in  Reference  2-2.  The  data  also  indicated  that  material  effects  were 
not  pronounced  in  this  range,  as  the  damage  sizes  for  2024-T3  and  7075-T6  were  nearly  the  same.  These  observations 
led  to  the  development  of  a  fragment  damage  model  for  aluminum  alloys  similar  in  form  to  the  high-velocity  damage 
model  for  small  arms  projectiles  given  in  Reference  2-2.  The  final  expression  is: 


[1.16  +  0.6  (- ~ )  )  , 
P 


lateral  damage  size  (inches), 


(Eqn.  2-15) 


the  maximum  projected  frontal  dimension  of  the  fragment  (inches), 

obliquity  angle,  measured  between  the  flight  path  and  a  normal  to  the  target  surface, 


target  thickness  (inches). 


The  parameter  Lp  depends  on  both  the  size  and  shape  of  the  fragment.  For  example,  Lp  equals  the  diameter  when 
the  fragment  is  spherical;  when  the  fragment  is  a  cube,  Lp  equals  VTtimes  the  lengtn  of  a  side.  For  a  cylinder 
having  a  length-to-diameter  ratio  of  unity,  Lp  equals  VTtimes  the  diameter.  Figure  2-43  shows  the  L  ecfjations  for 
several  common  shapes. 


Approximately  60  data  points  wer  e  available  for  establishing  the  validity  of  the  model  predictions,  as  shown  in  Figure 
2-44.  The  correlation  is  considered  to  be  good,  considering  the  several  sources  of  data  and  the  extent  of  scatter 
usually  found  in  damage-size  test  data. 
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PROJECTILE 

CONFIGURATION 

■jiiU.W 

PROJECTILE 

IDEALIZED  SHAPE 

MAXIMUM  PRESENTED 
LENGTH,  Lp 

CUBE 

<0  * 

Lp  .1/3l 

SPHERE 

Kg 1 

Lp-d 

1 

f 

toe  L/d-  1: 

Lp-V?d 

ROD 

_  I 

CYLINDER 

( - rv a 

y' 

l  u d 

for  L/d  *1 

L."  yyr 

-  1 

Lp-^d*  +  L* 

1—  L  -H  1 

Figure  2-43.  Preton  ted  Length*  for  Common  Projectile*. 
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□  STEEL  CUBES,  2000-6200  ft/i; 

9  -  0,  30, 60°; 

0.063—0.250  7075-T8 

■  STEEL  CUBES.  2300-5046  It/i; 

9  -  0.  30,60° 

0.063-0.260  20 24 -T 3 

•  STEEL  SPHERES,  3000-6000 1t/»; 

9  -  0.46.50.  60.  70.80° 

(LI  25  2024-T3 

A  STEEL  CYLINDERS  (LENGTH/DIAMETER  -  1) 


1.5 

1.4 

1.3 

1.2 

1.1 

1.0 

as 

ae 

a7 

ae 

as 


* 

S 
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LATERAL  DAMAGE  PREDICTION: 
^  2 
LD-—E-  [1.16  *  0.6  —  I  1 
Co.0  L_  1 


11*11 _ I  -1  1  I  1  1  I 

ai  a2  as  ae  as  as  a?  as  as  1.0  1.1  1.2 

FRAGMENT  PROJECTED  SIZE,  Lp  (In) 


Figure  2-44.  Veriflcetion  of  Damege  Size  Prediction  for  Comped  Fregmentt 
Impeding  Aluminum 


2.2.1. 1.3  Nfcn- Exploding  Penetrators  Impacting  Metals  -  Damage  Type  Prediction. 

Reference  2-2  presents  a  model  for  estimating  the  type  of  damage  resulting  from  various  impact/target  conditions. 
Damage  type  refers  to  whether  the  damage  is  a  clean  hole,  a  hole  surrounded  by  a  spalled  area,  a  petalled  hole,  a 
crack,  or  a  gouge.  The  model  is  presented  in  the  form  of  the  regime  diagram  shown  in  Figure  2-43,  which  correlates 
damage  type  with  projectile  impact  velocity  and  target  thickness  (or  t/d  ratio).  The  input  parameters  are: 

Impact  velocity,  Target  material, 

Obliquity  angle,  Projectile  size  and  type. 

Target  thickness, 

The  damage  type  model  is  limited  to  .30  caliber  AP  projectiles  impacting  7075-T6  aluminum.  Only  two  obliquity 
angles  are  presented;  interpolation  techniques  can  be  used  for  other  angles.  The  normalized  sheet  thickness,  t/d,  can 
be  used  to  extend  this  diagram  to  other  fully-jacketed  AP  projectiles. 

2.2.1. 1.4  Non-Expiodng  Penetrators  Impacting  Metals  -  Damage  Orientation  P reaction. 


Figure  245  Damage  Type  Regime  Ditgrerm  (Smell-Arms  Projectiles  Impacting  7075-T6) 


A  technique  for  estimating  the  probable  orientation  of  the  largest  damage  dimension  is  given  in  Reference  2-2.  This 
technique  is  represented  in  the  data  presented  in  Tables  2-12,  2-13,  and  2-14.  The  tables  give  probabilities  for  the 
largest  damage  direction  to  be  oriented: 

1.  Within  +30  degrees  of  a  direction,  Q,  defined  below; 

2.  Within  +30  degrees  of  a  normal  to  the  Q-direction; 

3.  Within  +15  degrees  of  a  lint  45-degrees  from  the  Q-direction. 

The  directions,  Q,  selected  for  the  assessment  were: 

1.  Maximum  damage  parallel  to  support  direction; 

2.  Maximum  damage  parallel  to  fli^it  path; 

3.  Maximum  damage  normal  to  applied  stress. 

The  tables  were  formulated  from  the  results  of  small  arms  and  cylindrical  projectiles  impacting  7075-T6  aluminum 
alloy.  The  tables  are  used  by  locating  similar  impact  combinations  within  the  tables.  Most  combinations  of  applied 
stress  direction,  material  grain  direction,  and  support  direction  will  be  fowd,  except  for  the  case  where  all  three  are 
parallel.  No  test  data  were  available  for  this  condition.  In  addition,  the  oblique  impact  tests  consisted  of  flightpaths 
that  were,  (1)  parallel  to  the  support  direction;  (2)  normal  to  the  applied  stress  direction  (when  stressed),  and  (3) 
either  parallel  or  normal  to  the  grain  directions. 

The  pertinent  data  from  Table  2-12  shows  a  0.52  probability  for  the  largest  damage  to  be  parallel  to  the  flight  path. 
The  influence  of  stress  field,  shown  by  the  data  of  item  D  in  Table  2-12,  indicates  a  0.44  probability  of  the  damage 
being  normal  to  the  stress  field.  However,  the  combination  of  parallel  grain  and  sig>port  directions  provide  a  0.67 
probability  for  the  damage  to  parallel  the  grain  (see  item  A-2  of  Table  2-13),  perpendicular  to  the  direction  indicated 
by  the  stress.  It  is  believed  that  for  these  impact  conditions,  the  effect  of  stress  and  support  conditions  will 
counteract  each  other  and  the  relative  flight  path  will  be  more  influential.  Thus,  the  most  likely  orientation  of  the 
maximum  damage  will  be  about  65-degrees  from  the  grain.  The  orobability  associated  with  this  should  be  0.52. 


Tabk  2-12.  Probable  Lateral  Damage  Orientation  ■  7075-  T6  Aluminum 


Table  2-13.  Probable  Damage-To-Grain  Orientation  7075-T6  Aluminum 
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2-2.1 .2  Non- Exploding  Projectiles  Impacting  Fiber  Composites 

There  have  been  a  number  of  programs  (Ref.  2-9  through  2-12,  2-17,  and  2-29  through  2-30)  investigating  the 
response  of  laminated  fiber  composite  structire  to  projectile  impact.  These  studies  have  shown  that  the  unique 
characteristics  of  composite  materials  can  have  a  significant  influence  on  damage  response,  and  that  damage  models 
developed  for  mrtal  structire  are  not  applicable.  Some  of  the  properties  of  composite  structure  that  Influence 
projectile  damage  are  (1)  orthotropic  strength  and  stiffness  characteristics,  (2)  the  low  ductility  of  certain  fibers  such 
as  graph ite/epoxy,  and  (3)  low  interlaminar  strength.  The  following  sections  discuss  characteristic  damage  responses 
observed  in  fiber  composites,  and  existing  analysis  methods  for  damage  size  prediction. 

2.2. 1.2.1  Non-Exploding  Projectiles  Impacting  Fiber  Composites  -  Discussion  of  Parameters  Influence  Damage 

The  results  of  examining  graphite/epoxy  laminates  damaged  by  small  arms  projectiles  and  fragments  are  reported  In 
Reference  2-12.  The  damage  modes  illustrated  in  Figure  2-46  were  noted  from  this  examination.  They  include: 

-Perforation,  -Fiber  buckling, 

-Delamination,  -Gouging. 

-Peeling, 


Figures  2-47  and  2-48  show  representative  entrance  and  exit  damages  in  thin  graphite/epoxy  and  boron/epoxy 
laminates  impacted  by  fragments  and  small  arms  projectiles.  The  relatively  smooth  perforation,  conforming  closely 
to  the  shape  of  the  projectile,  is  characteristic  of  penetrator  damage  in  thin  laminates.  The  exit  surface  may  often 
show  peeling  and  splitting. 

PERFORATION  DELAMINATION  PEELING  \ 


Figure  2-46.  Typical  Ballistic  Damage  in  Fiber  Composites 


ENTRY  DAMAGE  EXIT  DAMAGE 


Figure  2-47.  Typical  Damage  in  Thin  Graphite/Epoxy  Laminate  Impacted  by  Fragment 


Figure  2-48.  Typical  Small  Arms  Projectile  Penetration  Damage  in  Boron/Epoxy  Sandwich  j 
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j-  Delamination  in  composites  results  from  their  relatively  low  interlaminar  strengths,  which  is  largely  dependent  on  the 

i  resin,  and  can  be  especially  significant  in  reducing  the  compression  strength  of  impacted  laminates.  Delamination 

|  caused  by  the  penetration  of  a  small  arms  projectile  is  shown  in  Figure  2-49  where  the  internal  delaminations  around 

I  the  perforation  were  revealed  by  ultrasonic  inspection.  The  white  areas  appearing  in  the  scan  are  delaminations. 

!  Holes,  removed  sirface  plies,  and  intact  laminate  are  dark.  The  figure  shows  a  delaminated  area  around  both  the  0-  j 

degree  obliquity  impact  damage  and  the  80-degree  obliquity  damage.  However,  the  80-degree  impact  caused  far 
'  more  delamination  than  the  impact  at  0-degree  obliquity. 
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Internal  delamlnation  may  exist  even  though  there  is  no  externally  visible  damage,  as  shown  for  low-velocity,  non¬ 
penetrating,  projectile  Impacts  in  Reference  2-31.  These  test  results  were  obtained  by  impacting  0.146-ln 
graphite/epoxy  laminates  with  a  3/8-in  diameter  spherical  head  indentor  at  impact  energy  levels  ranging  from  3  In-lb 
to  74  in-lb.  Figure  2-31  shows  ultrasonic  scans  defining  the  extent  of  internal  de lamination.  Internal  de lamination  U 
pronounced  at  Impact  energies  as  low  as  13  ln-lb,  but  no  external  damage  was  visible  until  impact  energies  reached  33 
in-lb.  Even  at  33  in-lbs,  the  external  damage  was  limited  to  a  small,  smooth  dent  approximately  k-inch  in  diameter 
(as  shown  in  Figure  2-30  yet  the  extent  of  internal  delamination  was  Ik-inch  in  diameter  (as  shown  in  Figure  2-31). 
Figures  2-32  and  2-33  show  the  Internal  delamination  revealed  by  sectioning  33  and  13  in-lb  Impacted  specimens, 
respectively.  The  results  of  static  tension  and  compression  tests  show  that  the  barely  visible  33-ln-lb  damage  caused 
strength  reductions  of  twenty-five  and  sixty  percent  respectively. 


Figure  2-50.  External  Damage  Resulting  from  Low  Velocity  Impact  of  55  ln-lbt  Energy 
(5/8  Dia  Spharical  Indentor I 
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Figure  2-51.  Ultraionic  Scam  Showing  Delamination  Caused  by  Low  Velocity  Impacts 


Figure  2-52.  Internal  Damage  Raautting  From  Low  Velocity 
Impact  of  55  in-lbt  Energy 
!0. 146—in.graphite/epoxy  laminata) 


Figure  2-53.  Intamal  Damaga  Raautting  From  Low  Velocity 
Impact  of  15  in-lbt  Energy 
(0. 146—in.graphitaMpoxy  panel} 


Measures  of  Projectile  Damage  In  Fiber  Composites.  As  a  prelude  to  developing  quantitative  damage  prediction 
models,  measures  of  visual  damage  in  fiber  composites  have  been  defined  as  indicated  in  Figure  2-5*.  These 
measures  are: 

1.  Maximum  Perforation  -  The  maximum  dimension  of  thru- the- thickness  material  separation.  This  dimension 
corresponds  approximately  to  a  "see-through"  capability. 

2.  Maximum  Perforation  Plus  Deep  Delamination  -  This  dimension  includes  the  Maximum  Perforation  defined  above 


plus  any  adjacent  region  that  is  delaminated  deep  into  the  thickness.  This  measure  defines  laminate  that  is  most 
likely  ineffective  from  a  structural  standpoint. 

Maximum  Transverse  Perforation  -  The  maximum  perforation  wfdth  transverse  to  the  Maximum  Perforation. 
Maximum  Extent  of  Visible  Damage  -  The  maximum  extent  of  visual  ballistic  impact  damage  including  surface 
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(IncludM  pM*na  of  mrtm  pfybfi 


Figure  2-54.  Rapmentative  Meaavrea  of  Balllatk  Damage  In  Compoaita  Materiel* 
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Effect  gf  Laminate  Configuration  on  Dimwe.  Several  design  parameters  are  associated  with  laminate  configuration, 
including  the  flber/resin  system,  the  ply  orientations,  the  thickness  of  the  laminate,  and  the  practice  of  combining 
several  types  of  fibers  to  form  a  hybrid  laminate.  The  effect  of  these  parameters  on  the  extent  and  character  of 
ballistic  damage  is  an  important  question  that  remains  unanswered  in  many  aspects.  Some  data  is  available,  however, 
leading  to  the  results  described  in  following  paragraph?. 

Effect  of  Fiber/Resin  System.  Fiber  composite  laminates  can  be  constructed  from  various  fibers  and  resins.  For 
example,  T300  (Narmco)  and  AS  (Hercules)  are  commonly  used  graphite  fibers.  Glass  fibers  and,  more  recently, 
Kevlar,  have  frequent  application.  Representative  35C°F  resins  include  5208  and  934  epoxies.  For  high  temperature 
applications,  polymide  rather  than  epoxy  is  a  more  appropriate  resin.  T300/934,  T300/5208  and  AS/3501  are 
representative  graphlte/epoxy  systems  for  aircraft. 

There  are  no  comprehensive  evaluations  available  that  Isolate  and  quantify  the  relative  response  of  the  different 
fiber/resin  systems  to  ballistic  impact  damage.  However,  ballistic  tests  are  reported  in  Reference  2-12  comparing 
the  ballistic  damage  characteristics  of  several  graphlte/epoxy  and  Kevlar/epoxy  systems.  Steel  cubes  or  0.50  caliber 
armor  piercing  bullets  were  fired  into  0.05-lnch  panels  at  angles  of  obliquity  of  0-  and  80-degrees.  The  comparisons 
are  shown  in  Figure  2-55.  The  "maximum  perforation  plus  through  deiamlnotion"  is  the  most  significant  damage 
measure  for  structural  degradation,  and  it  is  apparent  that  there  is  little  difference  between  the  three  graphite/epoxy 
systems.  The  Kevlar/epoxy  laminates  consistently  showed  less  damage  than  the  graphite/epoxy. 
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Effect  of  Tape  or  Fabric  Construction.  Composite  laminates  can  be  constructed  using  either  preimpregnated  tape  or 
fabric^  the  tape  typically  consists  of  unidirectional  fibers,  and  desired  ply  orientations  are  obtained  by  aligning  the 
tape  during  layup.  Fabric  typically  consists  of  a  0/90  woven  con'lguration. 

The  limited  data  available  for  comparing  the  relative  ballistic  damage  resistance  of  tape  and  fabric  indicates  that 
graphite/epoxy  laminates  constructed  from  tape  exhibit  greater  visual  damage  than  corresponding  laminates  made 
from  fabric.  However,  in  most  applications  the  differences  between  the  ballistic  damage  response  of  tape  and  fabric 
would  not  be  structurally  significant  because  the  greater  damage  was  primarily  a  surface  effect  due  to  the  greater 
tendency  of  the  tape  laminate  to  peel.  This  is  illustrated  by  comparing  Figures  2-56  and  2-57. 

Effect  of  Laminate  Thickness.  Laminate  thickness  has  a  significant  effect  on  damage  caused  by  penetrators. 
Damage  size  in  thin  composite  laminates  tends  to  conform  to  the  projected  size  of  the  projectile  on  the  plane  of  the 
impacted  laminate  (l.e.,  the  minimum  damage  size  allowing  passage  of  the  projectile  through  the  panel).  This  is  not 
true  with  thicker  laminates,  because  the  damage  to  the  exit  face  can  be  extensively  increased  by  delamination, 
frequently  resulting  in  rear  surface  spallation. 

In  tests  to  determine  the  effect  of  laminate  thickness  on  damage  size  (Ref.  2-12),  damage  was  induced  by  firing  steel 
rods  into  0.25  and  0.50-inch  0/+45/90  AS/3501  laminates.  The  0.50-lnch  laminate  showed  far  greater  damage  than 
the  0.25-inch  laminate.  Exit  damage  was  much  greater  than  entry  for  both  thicknesses. 

Effect  of  Impact  Conditions  on  Damage.  Ballistic  impact  conditions  Including  projectile  type,  velocity,  and  angle  of 
oblicpjity  have  a  significant  effect  on  the  size  and  character  of  impact  damage  in  laminated  composites,  as  in  metals. 
In  many  situations  the  influence  of  the  impact  conditions  depends  on  the  laminate  configuration.  For  example,  the 
variation  of  damage  size  with  projectile  impact  velocity  is  more  pronounced  in  thick  laminates  than  in  thin  laminates. 
The  following  discussion  is  based  on  evaluations  of  available  data.  In  most  cases,  the  data  is  not  adequate  to  fully 
define  the  effects  of  Impact  conditions  on  damage  except  as  qualitative  trends  applicable  only  to  the  conditions 
tested. 

Effect  of  Projectile  Size  and  Type.  Projectile  damage  in  fiber  composites  tends  to  conform  to  the  contour  of  the 
projectile  more  closely  than  experienced  in  most  aircraft  quality  metals,  which  often  exhibit  considerable  cracking 
emanating  from  the  primary  perforation.  In  composites,  damage  is  more  confined  to  a  region  of  perforation  plus  a 
region  of  delamination  aroind  the  penetration  area.  The  latter  increases  in  size  with  increasing  laminate  thickness  as 
described  above. 


Figure  2-56.  Typical  Projectile  impact  Damage 
in  Graphite/Epoxy  Tape  Laminate 


Figure  2-57.  Typical  Projectile  Impact  Damage 
in  Graphite/Epoxy  Fabric  Laminate 
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in  assessing  the  influence  of  projectile  size  on  damage,  it  is  useful  to  represent  the  projectile  by  its  maximum 
presented  length,  termed  L«.  As  a  result  of  an  evaluation  of  available  ballistic  testing  of  thin  graphite/epoxy  and 
boron/epoxy  laminates,  the  maximum  perforation  plus  deep  delamination  on  both  entry  and  exit  faces  was  found  to  be 
slightly  larger  than  Lp,  and  it  was  proposed  ir.  Reference  2-27  to  add  some  constant  8  to  Lp  to  give  a  prediction  of 
the  damage  induced  by  any  projectile.  The  value  which  best  fit  the  test  data  was  0.2-inch.  For  thin  laminates 
impacted  at  0-degree  obliquity,  then,  maximum  perforation  plus  deep  delamination  is  related  to  projectile  presented 
length  byi 


LD  =  L_  +  0.2-inch 
P 


(Thin  laminates  of  graphite/epoxy  or 
boron/epoxy,  normal  obliquity). 


Thicker  laminates  exhibit  increased  maximum  perforation  plus  deep  delamination  on  the  exit  face.  Experience  with 
metals  (Ref.  2-7)  has  shown  that  damage  size  can  vary  as  a  function  of  the  ratio  of  panel  thickness  to  projectile  size, 
and  this  has  proved  to  be  true  of  exit  damage  in  composites  also.  Figure  2-59  shows  this  effect  for  0/+45/90  AS/3501 
graphite/epoxy. 
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Figure  2-59.  Effect  of  Laminate  Thickness  end 
Projectile  Size  on  Exit  Damage 


Effect  of  Protec  die  Obliquity.  Considerable  test  data  is  available  (Ref.  2-27)  showing  that  damage  size  in  thin  fiber 
composite  lamina.es  varies  inversely  with  the  cosine  of  the  angle  of  obliquity.  This  type  of  variation  is  shown  in 
•'igure  2-60.  The  line  represents  the  projectile  maximum  presented  length  Lp  divided  by  the  cosine  of  the  angle  of 
obliquity,  3.  The  actual  damage  (maximum  perforation  plus  deep  delamination)  plots  somewhat  above  this  line,  and 
can  be  predicted  reasonably  well  using  the  constant  8  identified  for  normal  impacts.  The  damage  can  then  be 
described  as: 


+  0.2 


Figure  2-61  shows  a  sin  liar  comparison  for  a  thick  graphite  /epoxy  laminate. 
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Figure  2-60.  Effect  of  Projectile  Obliquity  on  Penetration 
Damage  in  Thin  Laminates 


Figure  2-61.  Effect  of  Projectile  Obliquity  on  Penetration 
Damage  in  Thick  Laminates 


76 


impact  conditions  well  above  the  ballistic  limit. 

a-^as'SS'iSSSSSS: 

ssiisi Ssassssssassss 

before  leveling  at  high  velocities  (Ref.  2-2). 


fiflnm  2-62  Fffect  of  Projectile  Velocity  on  Penetration  Damage 


77 


2.2. 1.2.2  Non-Exploding  Denetrators  Impacting  Graphite/Epoxy  -  Damage  Size  Pretfction 

As  discussed  in  Section  2.2.1. 2,  penetrator  damage  in  thin  graphite/epoxy  or  boron/epoxy  laminates  tends  to  conform 
to  the  contour  of  the  projectile.  This  behavior  has  been  used  to  develop  a  damage  size  prediction  model  that 
correlates  well  with  experimental  results,  and  provides  an  equivalent  flaw  size  for  residual  strength  predictions.  The 
damage  model,  published  in  Reference  2-17,  is  quite  comprehensive  and  was  developed  from  a  substantial  quantity  of 
test  data  reported  in  Reference  2-12.  Parameters  used  in  developing  damage  models  for  metals,  and  early  damage 
models  for  thin  composites  were  used  where  applicable  in  developing  the  present  model.  The  result  is  a  prediction  of 
mean  damage  having  a  fairly  high  degree  of  confidence  for  many  laminate  configurations  and  impact  conditions. 


The  basis  for  the  model  is  an  early  damage  prediction  method  for  thin  laminates  presented  by  Avery/Porter  in  Ref. 
2-17.  They  determined  that  both  entry  and  exit  damage  size  in  thin  laminates  is  best  described  as  maximum 
perforation  plus  deep  delamination,  and  that  this  damage  can  be  closely  represented  by  the  presented  length  of  the 
projectile  in  the  plane  of  the  impacted  laminate  plus  a  constant,  0  ,  as  illustrated  in  Figure  2-63.  They  found  that  8 
=  0.2-inch  gave  the  best  correlation  with  test  data.  Later  test  data  showed  that  this  relationship  provides  a  fairly 
good  prediction  of  entry  damage  in  all  thicknesses  of  laminated  graphite/epoxy.  The  resulting  model  is: 

L 

LDen  =  ~0|q-  +  0.2-inch  (Ail  Laminate  Thicknesses)  (Eqn.2-16) 

When  test  data  for  thicker  laminates  ranging  from  0.25  to  1.0-inches  was  obtained,  it  became  obvious  that  while 
entry  damage  still  followed  Equation  2-16,  exit  damage  was  much  larger.  In  metals,  the  parameter  t/Lp 
(thickness/projectile  size)  had  been  used  (Ref.  2-2)  in  damage  prediction,  and  as  previously  discussed,  this  parameter 
is  applicable  for  correlating  damage  in  graphite/epoxy  also.  For  metals,  the  damage  model  has  the  form: 

LD  =  s§r«^)  (Metals) 

For  graphite/epoxy,  the  form  is: 

LD  =  LD  f(.~)  (All  Laminate  Thicknesses) 

ex  en  Lp 

Where: 

LDe<  =  Maximum  exit  damage  size  (maximum  perforation  plus  deep  delamination); 

LDen  =  Maximum  entry  damage  size; 

Lp  =  Maximum  presented  length  of  the  projectile  (see  Figure  2-43)  (inches), 
t  =  Laminate  thickness  (inch) 


The  available  ballistic  impact  data  was  analyzed  to  evaluate  the  necessary  parameters,  and  a  least-squares  curve  fit 
was  made  to  determine  f  (t/Lp),  as  indicated  in  Figure  2-64.  The  damage  measure  used  was  maximum  perforation 
plus  deep  delamination  normalized  by  (Lp/cos  0)  +  0.2.  To  assure  that  velocity  effects  were  isolated,  only  data  for 
impacts  well  above  ballistic  limits  were  included  in  the  analysis. 


The  resulting  expression  for  exit  damage  prediction  is: 


LDex  =  (lDen}  <0.95  ♦  0.57 -ji- 


+  0.63  (-r- — ) 
P 


-0.14  (-jM  ) 


(Equ.  2-17) 


This  equation  has  considerable  verification  for  values  of  t/Lp  less  than  0.8,  although  data  is  limited  above  that  ratio. 
For  values  of  t/Lp  less  than  0.2,  Equation  2-16  can  be  used  f or  both  entry  and  exit  damage. 


This  damage  model  does  not  include  a  parameter  representing  the  influence  of  projectile  velocity  on  damage  size.  As 
was  shown  in  Figure  2-62,  damage  size  remains  constant  for  velocities  above  approximately  1.3  Vg>  ,  where  Vgj_  is 
the  ballistic  limit.  Below  1.3  damage  size  diminishes  rapidly  to  zero;  however,  no  equation  has  Deen  developed 
to  predict  damage  size  in  this  region  due  to  lack  of  data.  (See  Section  2.2. 1.2,1.) 


H*  LD«'’  H  t <  0.2  Lp,  LD„  *  LD#n 

0/2  — — j  LpCOS  6  — [—0/2 


Figure  2-63.  Model  for  Predicting  Entry  Demege  in  Gnphite/Epoxy 


The  following  example  shows  how  the  damage  prediction  model  is  used:  , 

Given:  Fragment:  1/4-inch  mild  steel  cube  (L  -  0.25-in)  $ 

V  =  1.3  V&L  (VRL  r  Ballistic  Limit  Velocity) 

0  -  45-degrees  j 

Laminate:  Graphite/Epoxy  f 

t  -  0.25-inch  j 


Calculations  for  LD  and  LD„„: 

_ _ en _ ex 

Lp  =  V3L  =  ^3(0.2  5)  =  0.433-in 

cos  0  =  cos  45  0.707 


0.2 


0.433 


+  0.2 


0.812 


t  0.25 

tr  = 

p 


0.577 


LD  ^  LD  (0.95  +  0.57  (p-)  +  0.63  ( 
ex  en 


+  0.14  (r-) 
P 


3 

) 


=  0.812  (0.95  +  0.57  (0.577)  +  0.63  (0,332)  +  0.14  (0.192)) 
=  0.812  (0.95  +■  0.32  9  +  0.209  +  0.027) 

=  1. 23-in. 
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2.2.2  Damage  from  Hi£i  Explosive  (HE)  Projectiles 

High  explosive  (HE)  projectiles  are  fired  from  anti-aircraft  artillery  (AAA)  or  from  guns  mounted  in  aircraft  (air-to- 
air).  The  projectiles  have  a  contact-activated  fuze  which  may  contain  a  mechanism  providing  a  brief  delay  before 
detonation  is  initiated.  Those  HE  projectiles  which  do  not  have  a  delay  mechanism  are  termed  "superquick"  or 
"instantaneous".  The  detonation  of  a  superquick  fused  projectile  is  actually  started  outside  the  impacted  structure. 
Delay  fuzed  projectiles  usually  detonate  within  the  structure. 

The  structural  damage  done  by  HE  projectiles  (20-  to  30-mm,  for  example)  is  the  result  of  multiple  fragment 
penetrations  and  internal  blast  pressures,  acting  separately  and  in  combination.  The  fragments  are  created  as  the 
metal  casing  surrounding  thd  explosive  bursts  due  to  the  intense  pressures  generated  by  the  detonation.  Fragment 
damage  degrades  structural  strength  and  stiffness,  and  blast  pressures  added  to  the  existing  flight  loads  can  cause 
excessive  deformations  and  element  failures. 

The  nature  and  extent  of  structural  damage  from  HE  projectile  fragments  and  blast  pressure  depend  upon  these 
variables: 

o  Material  type  and  thickness; 
o  Projectile  size  and  delay  characteristics; 
o  Striking  velocity  and  obliquity; 

o  Distance  from  detonation  to  impacted  structure  (standoff); 
o  Internal  volume  of  structural  cell  and  extent  of  venting. 

The  significance  of  each  of  these  variables  will  become  clear  in  the  paragraphs  below.  Qualitative  descriptions  of  HE 
projectile  damage  in  metallic  and  fiber  composite  structure  are  presented  followed  by  a  discussion  of  damage 
prediction  analysis  techniques  for  blast  and  fragments  given  in  Sections  2.2.2. 1  and  2. 2.2. 2,  respectively. 

Characteristics  of  HE  Projectile  Damage  in  Metallic  Struct  ere.  Qualitative  illustration  of  damage  in  metallic 
structure  due  to  HE  projectile  impacts  is  presented  in  Figures  2-65,  2-66,  and  2-67.  Figure  2-65  shows  typical  entry 
damage  in  7075-T6  stiffened  skin  panels.  Impact  into  a  stiffener  generally  causes  severence,  and  considerable 
damage  can  be  done  to  adjacent  stiffeners  as  seen  in  Figure  2-65(c),  depending  upon  the  spacing  between  stiffeners. 

Figures  2-66  and  2-67  show  typical  damage  from  the  dispersed  fragment  cone  resulting  from  the  stand-off  distance 
between  the  detonation  point  and  the  surface  impacted.  The  panels  shown  were  located  10-inches  downstream  of  the 
detonation.  The  skin/stiffener  panels  were  0.050-inches  thick,  and  the  integrally  stiffened  panel  shown  in 
Figure  2-66(d)  was  0.060-inches  thick. 

In  Figure  2-66(a)  the  size  and  density  of  the  fragment  cone  are  clearly  defined,  as  are  the  typical  damages  lrom  the 
fragments  and  the  large  central  damage.  Only  moderate  interaction  between  these  damages  is  evident.  This  panel 
was  fabricated  from  6A1-4V  annealed  titanium.  Figures  (b),  (c)  and  (d)  show  increased  interaction  between  the 
several  damage  components,  including  the  probable  influence  of  blast.  The  panel  in  (b)  is  2024-T3,  and  the  panels  in 
(c)  and  (d)  were  7075-T6.  All  panels  were  stressed  in  tension  or  compression  at  the  time  of  impact.  Figure  2-67 
shows  typical  damage  in  honeycomb  panels. 


(e)  IMPACT  ADJACENT  TO  STIFFENER,  7075-T6 


Figure  2-65.  Typictl  Entry  Dtmtgt  From  HE  Projectile,  Inetenteneoui  Fuze,  Zero  Obliquity 


Characteristics  of  HE  Projectile  Damage  in  Fiber  Composite  Structure.  Reference  2-12  reports  extensive  invest¬ 
igation  of  HE  projectile  impact  damage  in  advanced  liber  composite  aircraft  structure,  including  ballistic  testing 
with  HE  projectiles,  blast  testing,  and  the  development  of  analytical  methods  for  predicting  the  effects  of  internal 
blast  and  fragments.  Significant  characteristics  of  HE  projectile  damage  in  composites  determined  from  this  and 
other  programs  are  summarized  below. 

For  all  the  graphite/epoxy  configurations  tested  using  superquick  projectiles,  it  was  found  that  damage  to  the  entry 
face  tends  to  be  induced  mainly  by  the  fragment  spray,  and  the  area  of  removed  material  is  generally  bounded  by  the 
fragment  cone  intersection.  The  extent  of  exit  face  damage  was  controlled  by  the  thickness  and  strength  of  the 
panel.  As  a  function  of  stand-off,  high  local  blast  pressures  combined  with  fragment  penetration  can  destroy 
relatively  large  portions  of  the  exit  face. 

Typical  damage  caused  by  HE1  projectile  fragments  in  a  thin  graphite/ epoxy  laminate  is  shown  in  Figure  2-68.  The 
panel  was  a  0.066-in  T300/934  (tape)  laminate  impacted  with  a  superquick  round  while  held  by  simple  supports 
without  an  enclosing  structure.  The  effect  of  tlie  angle  of  obliquity  of  the  fragments  can  be  seen  by  the  elongated 
individual  damages  near  the  edge  of  the  fragment  impact  zone.  From  the  data  available,  there  is  some  evidence  that 
entry  face  damage  is  inversly  proportional  to  projectile  velocity  (see  Figure  2-69).  This  is  due  to  the  narrowing  of 
the  fragment  cone  with  increasing  velocity,  resulting  in  a  smaller  area  removed  on  the  entry  face. 


Figure  2-68.  HE  I  Projectile  Impact  Into  0.066-in  Graphite/Epoxy  Laminate 
I Fabricated  from  Tape) 


Figure  2-69.  Effects  of  Velocity  on  Entry  Damage  Size 
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A  comparison  of  the  damage  characteristics  of  tap*  and  fabric  laminates  can  be  made  from  Figure  2-70,  showing  a 
0.070-inch  T300/934  panel  fabricated  from  preimpregnated  fabric  impacted  in  a  manner  similar  to  the  laminate 
fabricated  from  tape  shown  in  Figure  2-69.  The  fabric  constructed  laminate  experienced  less  delamination,  but  the 
penetration  damage  was  nearly  identical. 

Ballistic  testing  has  been  done  (Ref.  2-12)  on  wing-box  segments  having  0.125-inch  thick  graphite/glass  hybrid 
laminate  skins.  A  schematic  of  the  impact  condition  and  the  resulting  damage  is  shown  in  Figure  2-71  for  a 
superquick  fuzed  HE  projectile  Impacting  a  15-inch  by  30-lnch  double-cell  box  at  30-degree  obliquity.  For 
comparison  with  thin-skin  damage  response,  HEI  projectiles  were  fired  into  two  wing  box  cells  having  skins 
constructed  of  50-plies  of  0/+45/90  AS/3501  graphite/epoxy.  As  shown  in  Figures  2-72  and  2-73,  there  was  still 
significant  fragment  damage,  but  there  were  no  skin  detachment  failures.  The  two  test  boxes  shown  were  exposed  to 
identical  impact  conditions,  but  one  box  was  impacted  by  a  superquick  and  the  other  a  delay  fuzed  round.  There  are 
significant  differences  in  the  type  of  damage  resulting  from  each  type  of  fuze,  as  se  *n  in  the  photographs. 

As  shown  in  Figure  2-74,  the  ultimate  strain  capability  of  graphite/epoxy  is  much  lower  than  that  of  high-strength 
aluminum  alloy,  resulting  in  less  ability  to  absorb  the  energy  of  blast  loadings  without  rupture.  The  .interlamina'" 
shear  strength  is  also  lower,  and  internal  delamina*  ons  due  to  blast  loadings  can  be  a  significant  degrading 
mechanism.  Blast  induced  damage  processes  for  composites  include: 

1.  Deformation  failure; 

2.  Delamination; 

3.  Failure  at  attachments; 

4.  Penetration. 

Fanel  deformation  failure  refers  to  fiber  and/or  resin  failure  due  to  exceeding  ultimate  strain  during  bending  or 
membrane  response.  Delamination  means  separation  between  plies.  Delamination  under  blast  loading  may  occur  with 
(or  be  caused  by)  degradation  of  the  matrix,  resembling  a  "crumbling"  action.  Internal  uelaminations  may  be 
undetectable  except  by  non-destructive  inspection  or  cross-sectioning  techniques.  Extensive  delamination,  however, 
may  cause  a  pronounced  thickening  and  softening  of  the  panel.  External  delaminations  appear  as  plies  stripped  from 
the  surface,  and  is  generally  referred  to  as  peeling. 

Failure  at  attachments  may  occur  as  a  result  of  panel  deformation  similar  to  the  failure  modes  experienced  in  metal 
structures.  This  results  from  edge  fixity  and  cross-section  reduction  at  attachment  holes.  However,  bolted 
attachments  in  composites  exposed  to  internal  blast  exhibit  a  "skin  detachment"  failure  mode.  In  this  failure  mode, 
the  composite  skin  fails  in  bearing  at  the  bolt,  causing  enlargement  of  the  bolt  hole  and  subsequent  separation  of  the 
skin  from  the  substructure.  Penetration,  in  the  context  of  blast  damage,  refers  to  "blowing  a  hole"  in  a  composite 
panel  by  a  concentrated  blast  wave.  Tests  illustrating  these  damage  processes  are  reported  in  Reference  2-12,  using 
both  bare  explosive  charges  and  HEI  projectiles. 


Figure  2-70.  HEI  Projectile  Impact  Into  0.07 -in  Graphite/Epoxy  Laminate 
(Fabricated  from  Fabric ) 
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Figura  2-74.  Ultimate  Strain  Capability  of  Graphlta/Epoxy 
Comparad  with  Aluminum  Alloy 
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2.2.2.1  PretSrrtion  of  Damage  Caused  by  Fragments  from  HE  Projectiles 

The  fpray  of  fragments  from  the  detonation  of  a  moving  HE  projectile  forms  cones  with  their  axes  along  the 
projectile  flight  path.  In  order  to  predict  the  damage  resulting  from  these  fragment  impacts  it  is  necessary  to 
determine  the  extent  of  the  fragment  spray  on  the  struct ue,  the  number  and  sizes  of  the  fragments  and  their  impact 
locations,  the  damage  size  inflicted  by  each  fragment,  and  the  spacing  and  resulting  interactions  of  the  fragment 
damages.  Section  2.2.2.1.1  discusses  some  of  the  analytical  aspects  of  predicting  fragment  distributions.  Following 
that  discussion,  Section  2.2.2. 1.2  describes  one  of  the  most  comprehensive  of  the  available  analysis  methods  for 
predicting  fragment  damage  from  HE  projectile  detonations)  namely,  the  BR-2  computer  code  (Ref.  2-14). 

2.2.2.1.1  Characteristics  of  the  Fragment  Distributions  From  HE  Projectiles 

Figure  2-75  shows  a  typical  HE  projectile,  identifying  major  segments  of  the  case  (e.g.,  base,  sidespray,  fuze 
attachment,  and  fuze).  When  the  projectile  detonates,  these  segments  are  the  sources  of  fragments  which  can  be 
represented  with  reasonable  accuracy  as  emanating  within  distinct  radial  cones.  This  representation  is  as  a 
convenience  in  formulating  models  for  fragment  generation. 


Characteristic  velocities  and  cone  angles  for  the  fragments  from  each  of  the  major  case  segments  can  be  determined 
from  static  firings.  Table  2-16  presents  representative  static  firing  Information  for  an  HE  projectile,  Including  the 
number  of  fragments,  their  weights,  size,  velocity  and  cone  angle.  Data  of  this  type  can  be  used  to  develop 
fragmentation  models  such  as  shown  in  Figure  2-76.  This  fragmentation  model  is  used  in  the  BR-2  code  described 
later  in  Section  2. 2.2. 1.2.  Note  that  the  point  of  origin  is  not  the  same  for  alt  fragment  cones  emanating  from  the 
projectile.  This  should  be  considered  when  assessing  the  distance  between  structure  and  detonation  point  for  the 
fragment  cones. 


Figure  2-75.  Cross-section  of  a  Typical  HE  Projectile 
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Figure  2-7S.  Typical  Model  for  HE  Projectile  Fregmentetion  (Static  Firing) 
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Ttolt  2- 16.  F ragman  t  Distribution  Data  Obtained  from  Static  Damnation  of  HE  Protect)!* 
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The  intersection  of  the  fragment  cones  with  the  structure  results  in  damage  zones  defined  by  conic  sections  as  shown 
in  Figure  2-77.  The  extent  of  the  damage  zone,  as  indicated  in  Figure  2-78,  depends  on: 

o  The  angle  of  the  fragment  cone,  which  depends  on  projectile  velocity; 
o  The  distance  between  the  structure  and  the  detonation  point  (standoff  distance); 

o  The  orientation  of  the  structural  surface  relative  to  the  projectile  flight  path  (defined  by  the  oblicfiity  angle,  0). 

In  formulating  fragment  distribution  models,  it  is  necessary  to  assume  that  the  fragments  are  uniformly  spaced 
around  the  circumference  of  the  conic  circle  because  of  insufficient  data.  This  appears  to  be  a  reasonable 
assumption,  judging  from  the  fragment  pattern  shown  in  Figure  2-79. 


Figure  2-77.  Boundaries  of  the  Fragment  Damage  Zones  on  a  Plane  Surface  are  Conic  Sections 


Edge  of  Structure!  Plant 


R  -  The  distance  between 
the  structure  end  the 
detonation  point 
measured  along  the 
projectile  fliyhtpath 
(slant-range  standoff) 
r  =  The  distance  between 
the  structure  and  the 
detonation  point 
measured  normal  to 
the  structural  (normal 
standoff) 

8  *  The  angle  made  between 
the  projectile  flightpeth 
and  a  line  normal  to  the 
structure  (obliquity) 

4  ■  The  angle  made  between 
the  fragment  flightpath 
and  the  projectile  flight- 
path  (cone  angle) 


Figure  2-78,  Parameters  Determining  Extent  of  Fragment  Damage  Zone 
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Figure  2-79.  Fragment  Pattern  From  HE  I  Projectile, 
10-inch  Stand-off  (0-Degree  Obliquity) 
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The  factors  described  above  indicate  the  influence  of  key  parameters  in  detei mining  the  distribution  of  fragment 
damages  on  the  structure.  This  distribution  has  a  pronounced  influence  on  the  resulting  strength  degradation,  and  can 
best  be  characterized  by  an  "effective"  damage  size  as  indicated  in  Figure  2-80.  This  is  discussed  in  more  detail  in 
Section  2.5. 

The  next  six  figures,  2-81  through  2-86,  give  a  step-by-step  procedure  using  graphical  and  manual  calculational 
methods  to  estimate  the  fragment  damage  distribution  on  structure  impacted  by  HE  projectiles.  Equations  or 
instructions  for  graphical  constructions  are  given  on  each  figure,  presented  in  the  order  required  for  application. 

The  procedure  presented  in  the  figures  may  be  summarized  as  follows: 

1.  (Figure  2-81)  The  projectile  velocity  is  added  to  the  static  firing  velocity  of  the  fragment  cones.  This  gives  the 
fragment  cone  angles  measured  from  the  projectile  flight  path,  and  the  velocities  of  the  fragments.  Fragment 
cone  angles  and  velocities  have  been  computed  for  a  typical  HE  projectile  listed  in  Table  2-17,  and  are  given  in 
Figure  2-82.  (Eqn.  2-18,  Eqn.  2-19) 

2.  (Figure  2-83)  The  obliquity  angle,  0,  the  cone  angle,  0  (from  Step  1),  and  the  normal  standoff  distance,  r,  are 

used  to  calculate  the  lengths  of  the  major  and  minor  axes  of  the  conical  fragment  damage  zone.  (Eqn.  2-20,  Etfi. 

2-21) 

3.  (Figure  2-84)  Given  the  orientation  of  the  projectile  flight  path  relative  to  the  intersected  structural  plane,  the 

point  on  the  structure  defined  by  the  intersection  of  a  perpendicular  from  the  detonation  point,  and  the  major 

and  minor  axes  from  Step  2,  the  location  and  orientation  of  the  fragment  damage  zone  can  be  defined 
graphically,  including  the  location  of  the  center  of  the  conical  section.  (Ecjn .  2-22) 

4.  (Figure  2-85)  (Xn,  Yn),  the  coordinates  of  the  nth  fragment  on  the  perimeter  of  the  conic  section  can  be 

calculated  if  the  total  number  of  fragments  is  known  and  a  uniform  circumferential  spacing  is  assumed.  The  Xn 

value  is  then  used  in  the  ellipse  equation  from  Step  2  to  solve  for  Yn.  (Eqn.  2-23) 

5.  (Figure  z-86)  The  (X n,  Yn)  coordinates  of  the  nth  fragment  are  used  to  calculate  the  obliquity  angle  of  nth  the 

fragment  relative  to  the  structure,  0fn.  The  fragment  velocity  found  in  Step  1  is  now  used  with  each  0fn  to 
predict  the  size  of  the  damage  caused  by  the  fragment  impact,  as  described  in  Section  2.2. 

The  procedure  above  can  be  used  for  any  cone  angle  or  cone  sub-angle.  Where  there  are  a  large  number  of  fragments, 
it  may  be  best  to  divide  the  region  defined  by  the  inner  and  outer  cone  angles  into  several  sub-cone  angles.  In  this 
case,  a  normal  distribution  of  fragments  between  the  inner  and  outer  angles  could  be  assumed  if  no  data  were 
available,  with  the  mean  of  the  distribution  located  at  the  radius  of  the  mean  cone  angle. 
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2.2.2. 1.2  The  BR-2  Computer  Code  for  Predicting  Fragment  Damage  (Extractions  from  Refs.  2- 1 3  amd  2- 14) 

The  BR-2  computer  code,  Reference  2-14,  developed  by  Northrop  for  AFFDL/FES  in  1975,  is  an  analysis  tool  for 
predicting  the  area  removed  by  fragments  from  HE  projectiles  impacting  metallic  structure.  BR-2  was  developed 
from  the  fragmentation  subroutine  of  the  BR-1  computer  code  which  predicts  structural  deformation  due  to  blast 
pressure  loadings  and  fragment  impacts.  (See  section  2.2.2.2.3  for  a  description  of  BR-1).  The  two  codes  together 
are  designed  to  assess  the  effects  of  HE  projectile  detonations. 

Figure  2-87  is  a  flow  diagram  showing  the  calculational  steps  contained  in  BR-2.  The  structure  is  modeled  using 
rectangular  or  triangular  elements,  each  containing  additional  interior  grid  points  that  are  used  for  fragment  pattern 
development.  HE  projectile  characteristics  are  stored  within  the  code  in  the  form  of  static  firing  data  as  indicated 
in  Table  2-18.  The  side-spray  is  represented  by  a  Mott  size  distribution  rather  than  by  discrete  fragments.  Fuse 
attachment  and  base  fragments  are  discrete. 

Projectile  velocity,  flight  path  and  detonation  coordinates  are  program  inputs.  The  code  then  calculates  the  resultant 
velocities  and  angles  of  the  fragment  cones.  The  obliquity  angle,  distance  from  detonation  center,  and  threshold 
penetration  criteria  are  calculated  for  the  centroid  of  each  finite  element.  BR-2  then  determines  whether  any  of  the 
grid  points  associated  with  a  given  finite  element  are  within  the  hit  zone  for  each  fragmentation  source,  and  if  so, 
whether  penetration  occurs. 

Penetration  criteria  are  based  on  Thor-type  equations,  with  constants  stored  for  aluminum,  titanium  and  steel.  The 
area  of  material  removed  by  a  fragment  perforation  is  the  projected  area  (i.e.,  the  "footprint")  of  the  impacting 
fragment  at  the  target  surface  for  velocities  less  than  1,0Q0  feet  per  second,  with  an  adjustment  applied  for 
velocities  greater  than  1,000  feet  per  second.  The  percentage  of  the  total  area  of  each  finite  element  removed  by 
fragment  impacts  is  calculated.  The  primary  use  of  this  information  is  in  adjusting  the  stiffness  of  the  finite 
elements  in  subsequent  structural  response  analysis. 


Figura  2-87.  Flow  Chart  of  tha  BR-2  Computer  Coda 
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Table  3-1 7.  Fragmentation  Data  for  Typical  H£  Projectile 


PROJECTILE 

SECTION 

STATIC 

VELOCITY* 

(ft/«l 

MEAN 

STATIC 

DIRECTION 

|d*«) 

NUMBER  OF 
FRAGMENTS 

AVERAGE 

FRAGMENT 

WEIGHT 

(GRAINS) 

TOTAL 

FRAGMENT 

WEIGHT 

£  (GRAINS) 

FUZE 

1,300 

0 

2/3 

118/20 

291 

FUZE 

ATTACHMENT 

2,300 

86 

30 

10 

300 

SIDE  SPRAY  A 

2,610 

B3 

804 

1J9 

1202 

BASE 

1,660 

140 

20 

32 

640 

FUZE  ATTACHMENT 


SIDE  STRAY 


REF:  AFFDL-TR-73-136 

“EFFECTS  OF  INTERNAL  BLAST  ON 
COMBAT  AIRCRAFT  STRUCTURES" 


A  MOTT  SIZE  DISTRIBUTION 
•  ASSUMED  TO  BE  CONST ANT 


The  code  incorporates  many  of  the  principles  described  in  the  previotB  section.  The  concepts  and  equations  used  in 
BR-2  warrant  the  detailed  description  below,  as  they  define  a  cohesive  approach  to  HE  fragment  damage  prediction 
that  is  complementary  to  the  information  provided  in  2.2.2. 1.1.  The  topics  addressed  are: 

a.  Fragmentation  from  side  spray  of  projectile; 

b.  Fragmentation  from  fuze,  fuze  attachment,  and  base; 

c.  Dynamic  fragment  velocity  and  direction; 

d.  Mott  size  distribution  for  side  spray  fragmentation; 

e.  Minimum  perforation  velocity; 

f.  Penetration  dynamics; 

g.  Total  surface  area  removed  by  Mott  size  distribution  penetration; 

h.  Impulse  loading  from  fragmentation  -  penetration  fragments; 

i.  Impulse  loading  from  fragmentation  -  non  penetrating  fragments; 

j.  Mott  size  distribution  fragmentation  on  individual  target  elements; 

k.  Establishment  of  percent  hit  of  a  target  element  from  side  spray; 

l.  Stiffness  and  mass  change  of  perforated  elements. 

The  nomenclature  used  in  this  discussion  is  defined  below. 


Presented  area  of  fragment  of  projectile, 

Empirical  constants, 

Elastic  modulus  of  a  core  material, 

Empirical  constant, 

Dimensionless  parameter, 

Target  thickness, 

Impact  velocity, 

Residual  velocity  after  impact, 

The  ballistic  limit  (at  any  obliquity), 

The  ballistic  limit  at  normal  incidence, 

Empirical  constants, 

The  diameter  of  a  projectile, 

The  diameter  of  the  core  of  a  projectile, 

Gravitational  constant. 

Empirical  constants, 

An  empirical  constant,  , 

An  angle  parameter, 

The  obliquity  of  impact, 

The  obliquity  after  impact, 

An  obliquity  parameter, 

Ratio  of  applied  bending  moments  to  moment  required  for  f ailtxe, 
Density  of  the  target  element, 

Density  of  the  projectile  core, 

Strength  of  the  projectile  core. 
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PiMin*flt«Uon  from  Side  Spray  of  Projectile.  Fragmentation  is  assumed  to  spray  out  from  the  side  of  the  projectile 
as  well  as  from  the  nose  and  the  base.  The  side  spray  emanates  from  an  assumed  line  source  of  length  and  Is 
contained  within  the  spray  angles  9jront  and  «bftck.  The  criterion  that  a  particular  target  point  (XT,  YT,  Z-)  is  hit 
by  this  spray  is  determined  as  follows!  T  ‘  ' 


The  hit  criterion  13,  as  seen  from  Figure  2-88,  is: 

8front  i  ®front  and  ®back  S  ®back  (Eqn.  2-25) 

Now  the  nature  of  the  spray  is  such  that  9front<0back  lor  all  of  the  HE  projectiles  of  interest,  identifying  the  two 
end  points  as  1  and  2,  then: 

®1  =  min(#front’,,back)  (Eqn.  2-26) 

<*2  =  max((,front’(,hack)  (Eqn.  2-27) 

and  the  hit  criterion  will  be 


0,  2  9 

1  and  02  $  02 

(Eqn.  2-28) 

where  0  j  > 

02  as  guaranteed  in  the  discussion  below. 

Using  tiie  center  of  the  explosive  charge  (Xp,  Yp,  Zp)  and  the  directional  cosines  of 
Dy,  Dz>,  the  points  l  and  2  are  given  by: 

the  axis  of  the  projectile  (Dx, 

X,  , 

Xp  *  <l/2)Ox 

Y,  - 

Yp  +  (l/2)Dy 

Zl  ' 

Zp  *  (l/2)D2 

(Eqn.  2-29) 

x2  = 

Y2  = 
Z2  : 

Xp  -  (l/2)Dx 

Yp  -  (l/2)Dy 

Zp  -  U/2)DZ 

(Eqn.  2-30) 

Tlien,  using  the  dot  product  of  two  unit  vectors,  one  obtains: 

°1 

-I  /dX(XT“XI)  *  dy(yt-Y|)  *  dz(zt-z,)\ 

\  [(X-p-X,)2  t  (yt-y,)2  (Zt-z/]*4  / 

(Eqn.  2-31) 

°2 

-1  /dx(Xt-X2)  +  Dy(Yt-Y2)  ♦  dz(zt-z2)\ 

V  [<xrx;)2  +  <YrY2)2  *  (zt-z2)J]^  / 

(Eqn.  2-32) 

Both  Q.  and  07  will  be  limited  to  values  between  zero  and  »  . 

Also: 

DX  f  nY  +-  DZ  =  1 

must  hold,  if,  and  only  if ,  <  02,  then  use  0j  -  tf-OjandCj:  11  -  02- 

The  total  smear  area  of  the  fragment  spray  at  distance  R  is  determined  from  Figure  2-89. 
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The  coordinates  of  points  3  and  4  in  Figure  2-89  arei 

Xj  -  R  sin  Dj 

Y3  =  l  +  R  cos  0| 

=  R  sin 

=  R  cos  02 

The  length  S  is  obtained  from: 


s  = 

s  = 

\L2  ♦ 

[R2(sin  0| 

aY2 

-  sin  02>2 

+  ( 1  *  R  (cos  0! 

-  cos02))2]H 

S  .= 

R  ^  (sin  0| 

-  sin  02)2 

»  ( 1/R  ♦  cos  0j  - 

cos  02>2}  * 

(Eqn.  2-33) 

The  smear  area  is  then  approximately: 

^5MEAR  =  ^  (s'n  f  s'n  (Eqn.  2-34) 

where  the  radius  R  is  approximated  as  the  distance  between  the  target  point  and  the  center  of  the  projectile.  Thus: 

R  =  [<XT  -  Xp)  2  +  (Y?  -  Yp)  2  +  (2t  -  Zp)  2]  (Eqn.  2-35) 


Fragmentation  from  Fuze,  Fuze  Attachment  and  Bate,  In  addition  to  the  side  spray  which  emanates  from  the  side  of 
the  projectile,  there  are  also  fragments  emanating  fro m : 

a.  the  projectile  fuze} 

b.  the  projectile  fuze  attachment; 

c.  the  base  of  the  projectile. 


Fragment  Velocity  and  Direction.  Table  2-17  gave  the  velocity  and  mean  direction  of  the  fragments  for  a  static 
detonation  of  the  projectile.  If  the  projectile  is  moving  with  a  velocity  relative  to  the  target  at  the  time  of 
detonation,  the  velocity  and  direction  of  the  fragments  must  be  altered  to  account  for  the  dynamic  consideration. 
Only  the  case  of  the  projectile  motion  (relative  to  the  target)  in  the  direction  of  the  projectile  axis  will  be 
considered.  For  forward  motion  of  the  p-ojectile  (relative  to  the  target),  the  forwaid  velocity  of  the  fragments 
increases  in  magnitude  and  the  cone  angle  is  reduced.  In  general, 


VD  =  <Vo2  +  VP2  *  2VoVPcos»s>  * 

and 

|  Vp  ♦  VQ  cos  0  | 

0D  =  arccos  ^ - J- 

where 

r  the  dynamic  velocity  (ft/s); 

VQ  the  fragment  static  velocity  (ft/s); 


(Eqn.  2-36) 

(Eqn.  2-37) 


Vp  --  the  projectile  velocity  at  time  of  detonation,  relative  to  the  target  (ft/s>, 
=  the  fragment  dynamic  direction  (degrees); 

=  the  fragment  static  direction  (degrees). 


Mott  Size  Distribution  lor  Side  Spray  Frapnentatkai  The  Mott  size  distribution  equation  is  of  the  form: 


(Eqn.  2-38) 


where: 

NQ  =  total  number  of  fragments; 

m  =  average  fragment  weight; 

N  =  number  of  fragments  with  weight  greater  or  equal  to  m. 


96 


Typical  numerical  values  of  N0  and  m  for  a  side  spray  are  listed  in  Table  2-17. 

The  Mott  size  distribution  equation  can  also  be  written  as: 


-  w 


logN  -  logNn  -  loge 

Solving  equation  (2-39)  for  m,  one  obtains: 


(Eqn.  2-39) 


(Eqn.  2-90) 


Minimum  Perforation  Velocity.  The  criterion  for  fragment  penetration  is  assumed  to  be  governed  by  the  empirical 
equation: 


V 


c 


10 


c,  c2 

(t  Aj)  m, 


c,  Ch 

3  (secO)  ; 


(Eqn.  2-41) 


where: 

Vc  =  minimum  fragment  velocity  for  penetration  (ft/sec); 

t  =  the  targe,  plate  thickness  (in.); 

2 

Aj  :  average  presented  area  of  fragment  (in  r, 
m^  fragment  weight  (grains); 

0  -  the  obliquity  angle  (degrees). 


The  average  presented  area  of  the  fragment  can  be  related  to  fragment  weight  by  the  empirical  formula: 


Aj  -  K'2/3  mf2/3  (Eqn.  2-42) 

where  K  is  a  fragment  shape  factor  and  is  approximately  equal  to  700  for  the  projectile  described  in  Table  2-17. 
Defining: 

C5  -  (2/3)C 2  r  C.3  ;  (Eqn.  2-43) 


then 

Vc  10  (t  K'2'3)  2  (sec  e)  4  m  . 

The  constants  Cj,  C2,  Cy  C^,  and  Cj  for  typical  target  materials  are  in  Table  2-18. 


(Eqn.  2-44) 


Ttbh  2- 18,  Minimum  Pwfortthn  VModty 
Con$twit s 


Tvgct 

mctartal 

C1 

C2 

C3 

<=4 

C6 

C7* 

1.  Alumi¬ 
num 
•Hoy 

e.ise 

0.1103 

-0.941 

1.066 

-0.J39 

0028 

2.Til*c*jm 

•Hoy 

7.662 

1.326 

-1.314 

1.643 

-0.431 

006 

3.  StMl 

0.601 

0.906 

-0.963 

1.266 

0.369 

0.06 

'Constant  UMd  in  rloochtt  calculation:. 


Penetration  Dynamics.  S.nce  the  velocity  of  the  fragments  hitting  the  target  is  specified  by  Vo,  the  minimum 
perforation  velocity  equation,  Equation  (Eqn.  2-44),  can  be  used  to  compute  a  critical  mass  mc  which  satisfies  this 
ecyjat ion  with  Vc  -  V[>  In  particular, 


( 

10 


'‘(t  K-2'3)C2(sec 


C4 

e>  _ 


c; 


(Eqn.  2-45) 


C5  is  always  negative;  therefore,  for  a  given  velocity,  mc  represents  a  minimum  for  the  fragment  weight  that  will 
perforate  the  target  (i.e.,  any  fragment  lighter  than  this  critical  weight  will  not  perforate  the  target;  it  will  either 
imbed  into  the  target  or  ricochet). 

From  the  Table  2-  17  data  and  the  values  of  mc  for  each  of  the  projectile  sections,  the  number  of  fragments  and  their 
weight  which  penetrate  the  target  are  determined.  For  other  than  the  main  (side)  spray,  this  determination  is  quite 
explicit.  For  the  side  spray  where  the  fragment  size  distribution  is  according  to  the  Mott  size  distribution,  the 
determination  is  as  follows: 


If: 


m 


c 


< 


l°g(N0  - 
log  e 


f 


2 


m 

2 


(Eqn.  2-46) 
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then  there  is  total  penetration.  If! 


-  log  Nq  -  logd)!' 
T  tog~e 


(Eqn.  2-47) 


then  there  is  no  penetration.  (Caution:  mc  varies  from  element  to  element  as  each  element  has  its  own  t  and  0.) 


If  there  is  neither  100%  penetration  nor  0%  penetration,  then  for  the  side  spray: 


(Eqn.  2-48) 


The  ratio  of  Nc/Nc  is  the  ratio  of  the  total  number  of  fragments  penetrating  the  target  element  to  the  fragments 
hitting  the  target  elements.  (For  100%  penetration,  use  Nc  =  NQ.) 


If  Nc  is  the  total  number  of  fragments  penetrating,  according  to  the  Mott  size  distribution  the  total  mass  penetrating 
is: 


’T.P 


Total  Mass  - 
Penetrating 


j  (In  Nq)2  Nc  -  2 In  N 


N-N  N 

1  C  —  "criogN  -  log  NT 

J  m(N)  dN  f  - ^ - j 


dN 


0(NC  In  Nc  -  Nc)  +  Nc  (In  Ncr  -  2NJn  Nc 


2N, 


In  this  notation,  In  is  the  natural  tog,  i.e.,  log 


] 


(Eqn.  2-49) 


For  the  total  mass  penetrating  a  target,  it  is  necessary  to  know  the  total  area  made  by  the  holes  of  all  penetrating 
fragments.  The  average  presented  area  of  a  fragment  in  terms  of  Its  mass  is  given  by  the  empirical  formula  given 
previously: 


Af  , 

where 

K-2/3  m2'3 

(Eqn.  2-50) 

Af  = 

average  presented  area  of  fragment  (in2); 

K  = 

fragment  shape  factor; 
fragment  weight  (grains). 

m  = 

The  hole  size 

(Figure  2-90)  produced  in  the  target,  Au,  in  terms  of  surface  area  in  the  target, 

is  given  by  the 

empirical  formula: 

Ari  = 

Af  sec  0  if  VD  <,  1000  It/s 

(Eqn.  2-51) 

ah 

Aj  *  k  (V„  -  1000)  j  2  sec  0  if  VQ  >  1000  ft/s 

(Eqn.  2  52) 

where  k  is  a  material  constant  given  in  Table  2-  19  and  is  in  units  of  ft/s. 


Table  2-19.  Material  Constants  for  Determining  Target  Hole  Size 


Material 

k 

Aluminum 

Titanium 

Steel 

.00036 

.00032 

.00030 

From  the  above  equations,  the  hole  size  in  the  target  in  terms  of  the  fragment  mass  is: 


A 


H 


k-2/3 


Q  m{ 


2/3 


(Eqn.  2-53) 


where 


Q  =  sec  0  if  Vp  sj  1000  ft/s  (Eqn.  2-54) 

Q  =  [l  +  k  (VD  -  1000)J  2  sec  0  if  Vp  >  1000  ft/s 

FRAGMENT  WITH 


Figure  2-90.  Hok  Produced  in  Ttrgtt 

:vD<ioooftAi 
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Total  Surface  Area  Removed  by  Mott  Size  Distribution  Penetration.  The  total  surface 
area  removed  from  a  target  being  hit  by  a  Mott  size  distribution  is  given  by 


(Eqn.  2-55) 

The  evaluation  of  the  integral  for  Af.H  's  performed  by  numerical  integration!  rnity  must  be  used  as  the  lower  limit 
of  integration. 

Impulse  Loading  from  Fragment  impacts  -  Penetrating  Fragnents.  When  a  fragment  penetrates  the  target,  material 
of  weight  ms  is  removed  from  iNe  target  where: 

ms  '  Ps  As  xs  ^qn‘  2'56* 

The  momentum  transferred  to  the  plate  is  approximately  (neglecting  the  change  in  direction  of  the  fragment): 

•p  =  mf  (VD  -  [VD2  ‘  VC2]  ^  (Eqn.  2-57) 

The  direction  of  this  transferred  momentum  is  in  the  same  direction  as  the  velocity  vector  \fD  (neglecting  the  change 
in  direction  of  the  fragment  due  to  penetration). 


For  a  Mott  size  distribution  of  the  fragmentation,  the  total  impulse  imparted  is: 


Using  eolations  (Eqn.  2-44)  as  shown  and  with  m  -  mc  (i.c.,  \'c  =  Vq): 
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P.T 


/ 


N 

N  i 

- 

/•  c 

r  c 

* 

1 - 

\  mf  dN  *  VD  J 

1 

1  - 

irijdN 


(Eqn.  2-58) 


(Eqn.  2-59) 


Using  equation  (Ecgi.  2-40)  in  the  above  equation: 


The  evaluation  of  the  integral  I2  is  carried  out  by  numerical  integration. 


(Eqn.  2-60) 


Impulse  Loading  from  Fragment  Impacts  -  Non- Penetrating  Fragnents.  If  the  fragment  does  not  penetrate,  it  will 
either  ricochet  off  the  target  or  imbed  into  the  target.  For  aluminum  plates  and  fragment  velocities  greater  than  or 
er^jal  to  2000  ft/s,  no  ricochets  will  occur  for  0l50°.  The  fragments  will  imbed  into  the  target  and  the  impulse 
transferred  (in  the  direction  of  the  velocity  vector  V^)  is: 

I|  =  mj  Vq  (mj  in  units  of  mass)  (Eqn.  2-61) 


For  a  Mott  size  distribution  of  the  fragmentation, 


the  total  impulse  imparted  is  (with  rh  and  p 


in  units  of  mass): 


No 

*1,T  "  VD  /  mf  dN 
Nc 


VD  (m  No 


(Eqn.  2-62) 


For  aluminum  with  Vq  <  2000  ft/s  or  0  >  50°  or  for  titanium  or  steel,  the  non-penetrating  fragments  will  ricochet. 
The  ricochet  mechanics  are  as  follows: 


Fifun  2-91.  Rkochtt  Geomttry 


The  ricochet  angle  is  given  by  the  empirical  equation: 
sin8r  =  1  -  e'(C7C> 

Where  the  constant  C7  is  given  in  Table  2- 18  and  S  is  in  degrees. 
The  ricochet  velocity  is  given  by  : 

VRico  »  VD  sin  0  sin2  °r 


(Eqn.  2-63) 


(Eqn.  2-64) 


The  impulse  transferred  into  the  target  plate  is  then: 

I  =  A(mfV) 

Resolving  the  impulse  into  two  directions,  the  normal  component  is: 


mf  = 


m{  (VD  cos  0  ♦  VRico  cos  Qf) 


(Eqn.  2-65) 


(Eqn.  2-66) 


and  is  in  the  direction  opposite  to  the  normal  shown  in  Figure  2-91.  The  tangential  component  is: 

I,  r  mf  (AVt)  =  m{  (Vq  sin  0  '  vRico  sin  °r)  (E(1n-  2*67) 

As  an  approximation,  the  tangential  component  of  the  impulse  is  neglected  for  the  case  of  ricochet.  If  the  target 
plate  is  steel,  this  is  an  excellent  approximation.  For  a  steel  target,  the  ratio  of  It/In  >s  0.15,  0.05  and  0.01  for  an 
obliquity  angle  0  of  20-,  50-  and  80-degrees  respectively.  For  an  aluminum  target,  the  ratio  of  lt/In  is  0.32,  0.53  and 
0.64  for  an  obliquity  angle  of  20-,  50-  and  80-degrees,  respectively  (for  aluminum,  for  0  50-degrees,  there  usually 
will  be  no  ricochet  and  this  approximation  is  not  made.)  For  a  titanium  target  the  ratios  of  It/ln  are  intermediate  to 
those  for  steel  and  aluminum.  In  addition  to  considering  the  ratio  of  lt/ln>  a  8>ver>  amount  of  normal  impulse  loading 
is  usually  always  a  more  severe  loading  on  the  structure  than  the  same  amount  of  tangential  impulse. 


Thus  the  impulse  imparted  for  a  fragment  that  ricochets  nff  the  target  is: 


"f  VD  [ 


(cos  0  +  sin  0  sin  0r  cos  0r) 


,,  1  1  ,  I.C.,  VL, 

or  using  sin  6r  =  l-e 

*R  ’  mjVp  jcosO  ♦  sinfl[ 


'C7°,  i.e.,  (E<r-  2-6’)  then: 


?[-<■  -*-c'vr 


(Eqn.  2-68) 


(Eqn.  2-69) 


For  a  Mott  size  distribution  of  the  fragmentation,  the  total  impulse  imparted  is: 
N_ 


/- 


cos  U  +  sin  0  (1 


-C,0  2 
t  1  ) 


(">No  *  MT,p} 


(Eqn.  2-70) 


The  direction  of  the  ricochet  impulse  is  normal  to  the  target  plate. 

Mott  Size  Distribution  for  Fragment  Impacts  on  Individual  Target  Elements.  The  previously  determined  total 
quantities  Ah,T>  •p.T’  'l,T>  a™  'r.T  *n  ,ertis  of  a  single  angle  0  and  for  a  single  target  material.  These  terms  are 
to  be  computed  for  each  element  nit  by  fragmentation  for  the  purpose  of  establishing  the  surface  area  removed  and 
the  impulse  imparted  to  each  element.  If  the  target  element  is  at  an  obliquity  angle  0  relative  to  the  fragmentation 
spray,  the  effective  smear  area  for  that  target  element  is  multiplied  by  the  factor  cos  9.  Thus  for  a  target  element 
that  is  100%  hit  by  the  fragmentation,  the  ratio  of  the  quantities  to  that  element  to  the  total  quantities  are: 


cos  0 
ASMEAR 


(Eqn.  2-71) 


An  cos  0 
ASMEAR 


(Eqn.  2-72) 


100 


where 


N 

AN,H 

Likewise! 


surface  area  of  clement  N; 

surface  area  removed  from  element  N. 


X,N 


An  cos  S 

asmear 


'X,T 


P,  1,  or  R 


(Eqn.  2-73) 


where: 


’XN 


impulse  imparted  to  element  N  (from  perforation  fragments,  imbeding  fragments  or  ricocheting 
tragments). 


The  above  equations  are  also  applicable  to  fragmentation  from  other  sections  of  the  projectile  by  defining  Asmear 
as  the  total  area  hit  by  all  fragments  from  the  particular  section  of  the  projectile. 

Establishment  of  PeroentHit  ol  aTargct  Element  from  Side  Spray.  With  regard  to  rectangular  elements,  each  panel 
element  Is  evenly  divided  into  a  3  X  3  grid  (figure  2-92).  Each  of  these  grid  points  Is  given  the  hit  criteria  test  for 
each  fragment  source. 
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f— -i/a  —  |«i/3-H 

Ftgun  2-  93.  Grid  for  Etfrb/khing  Percent  of 
Hit  on  HnH  Ehmont 


Define:  . 

I  1.  if  hit  criteria  are  satisfied; 

h(5f,y)  --  J 

I  0.  it  hit  criteria  <ue  satisfied. 

The  percent  hit  of  the  element  in  fractional  form  is  then  given  by: 

H  =  ha  +  HB  +  HC  *  HD 
where 

Ha  =  [l/4  h(-  1/2,-  1/2)  +  l/2h(-  1/6,-  1/2)  ♦  l/2h(- 1/2,-  1/6)  ♦  h(-  1/6,-  1/6)  ]/9; 
Hb  =  [l/2h(l/6,-  1/2)  +  l/4h(  1/2,-  1/2)  ♦  h(l/6,-  1/6)  +  l/2h(l/2,l/6)]  /9; 

Hc  =  jh(l/6,l/6)  +  l/2h(l/2,l/6)  +  l/2h(l/6,l/2)  +  1  /4h(  1/2, 1/2)  ]  /9; 

Hd  =  [l/2(-  1/2, 1/6)  +  h(- 1/6, 1/6)  +  l/4h(-  1/2, 1/2)  ♦  l/2h(-  1/6, 1/2)]  /9. 


(Eqn.  2-74) 


(Eqn.  2-75) 

(Eqn.  2-76) 
(Eqn.  2-77) 
(Eqn.  2-78) 
(Eqn.  2-79) 


HA.  mB>  Hc  and  Hq  represent  the  distributions  of  the  percent  hit  of  the  entire  element  to  the  corners  A,  B,  C  and  D, 
respectively. 


Stiffness  and  Mass  Change  of  Perforated  Elements.  The  elements  that  are  perforated  undergo  both  a  change  in  their 
stiffness  and  mass.  It  is  assumed  in  the  BR- 1  code,  Reference  2-13,  that  only  the  plate  elements  are  perforated.  The 
amount  that  an  element  is  perforated  is  measured  in  terms  of  the  amount  of  surface  area  removed  from  the  element 
as  given  by  equation  (Eqt.  2-72). 

Let: 

ATNI  '  surface  area  removed  from  element  n  by  fragments  from  projectile  section  I  (I  =  1,2,  3,  4). 

(Eqn.  2-80) 


Then  def  ine  kn  as: 

kn  =  (1  -  A-j^j)  (1  -  A -rrs|2^  ^  '  ATN3^  ^  '  ^TN4^  (Eqn.  2-81) 

The  term  kn  is  the  ratio  of  the  elements  surface  area  after  all  fragments  have  struck  to  the  original  surface  area  of 
the  element.  Equation  (Eqn.  2-81)  is  of  the  product  form  since  once  some  of  the  surface  area  has  been  removed  by 
fragmentation  from  one  of  the  projectile  sections,  the  surface  area  then  available  for  perforation  has  been 
accordingly  reduced.  If  an  element  is  not  perforated  by  fragments  from  a  projectile  section,  Atni  is  set  to  zero  in 
the  BR  - 1  code . 
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For  expediency  of  running  the  code  and  minimization  of  code  size,  it  is  assumed  that  all  perforation  (from  all  of  the 
four  potential  sources)  occurs  at  the  same  time.  The  selected  time  is  the  time  that  the  element  is  first  perforated  by 
fragments  from  any  of  the  four  projectile  sections.  Actually,  it  is  anticipated  that  many  of  the  elements  in  most 
cases  are  hit  by  fragments  from  only  one  of  the  projectile's  sections. 

The  stiffness  of  any  plate  element  can  be  corrected  to  allow  for  the  perforation  of  the  element  by  multiplying  tc  j 
(see  equation  Eqn.  2-82)  of  the  element  by  kn.  This  also  properly  oorrects  the  pressure  loading  on  the  element  since 
the  total  pressure  loading,  ffj,  is  dependent  on  the  surface  area  of  the  element.  The  last  two  terms  on  the  right 
l  and  side  of  equation  (Eqn.  2-82)  resulted  from  an  integration  of  the  element's  strain  energy  over  the  element's  (mid¬ 
plane)  surface  area.  With  the  assumption  that  the  perforations  are  located  randomly  over  the  element's  surface  and 
the  individual  perforation  holes  are  small  relative  to  the  total  surface  area  of  the  clement,  the  effective  strain 
energy  in  the  perforated  element  can  be  estimated  by  multiplying  the  strain  energy  as  evaluated  for  the  non- 
perforated  element  by  the  factor  kn.  As  the  element’s  stiffness  comes  into  the  equations  of  motion  through  the 
strain  energy  terms  and  the  strain  energy  includes  both  the  membrane  and  bending  strain  energy,  both  the  membrane 
and  bending  stiffness  are  thus  taken  into  account. 


Consider  now  the  effect  of  mass  change  due  to  perforation.  The  BR-1  code  mass  matrix  is  based  on  the  mass  lumped 
to  the  node  points.  It  is  desirable  to  make  an  "adjustment"  to  the  inverted  mass  matrix  for  '-omputer  operating 
expediency.  The  lumped  mass  matrix,  as  well  as  the  inverse  lumped  mass  matrix,  is  of  diagonal  format  of  its 
submatrices.  Each  of  these  submatrices  corresponds  to  the  mass  lumped  to  each  node.  Each  of  these  lubmatrices  is 
of  size  6X6.  The  upper  left  3X3  corner  of  the  mass  matrix  will  always  be  a  3  X  3  diagonal  of  the  form 

°1 

0  (Eqn.  2-82) 

mj 


3X3 


This  part  of  the  mass  matrix  will  not  be  altered  by  the  post  and  pre-multiplication  of  the  ’ransformation 
matrix  [3]  due  to  the  "orthogonality"  of  the[.l3  matrix;  it  also  will  not  be  altered  by  the  offset  transformation 
matrix  (see  Appendix  F  of  Reference  2- 13).  The  lower  3X3  matrix  (of  these  6X6  submatrices)  corresponds  to  the 
rotary  inertia  mass  at  the  node  and  the  remaining  two  3X3  matrices,  which  are  non-null  only  if  there  is  an  offset  at 
the  node,  is  a  cross- term  involving  rotation  and  deflection  of  the  node.  It  is  generally  the  case  that  the  rotary  inertia 
energy  of  a  system  is  of  secondary  significance  to  the  translation  kinetic  energy.  Thus,  as  a  way  to  expediently 
incorporate  mass  change  in  the  code  due  to  perforation,  for  a  node  point  without  offsets,  it  is  apparent  that  by 
multiplying  the  inverse  (6  X  6)  mass  matrix  by  a  quantity  that  properly  corrects  only  m  (which  is  the  lumped  mass  for 
the  node'  the  primary  part  of  the  kinetic  energy  which  is  due  to  translation  is  properly  taken  into  accoint  and 
secondary  kinetic  energy  due  to  rotary  inertia  is  at  least  approximately  taken  into  account.  For  a  node  point  with 
offset(s),  all  terms  in  the  mass  matrix  involving  offset  distances  are  proportional  to  the  translational  mass  quantity 
in.  Thus  again  using  the  principle  of  rotational  kinetic  energy  (defined  now  as  explicitely  excluding  offset)  being  of 
secondary  significance  the  (6  X  6)  mass  matrix  is  approximately  proportional  to  m  and  the  (6  X  6)  mass  matrix  (or  its 
inverse)  can  with  good  approximation  be  corrected  for  perforation  bv  a  quantity  that  properly  corrects  only  m. 

The  "quantity",  Kr,  to  correct  the  inverse  (6  X  6)  mass  matrix  is  given  as  follows:  (it  is  used  as  a  multiplication 
factor  on  the  (6  X  6)  inverse  mass  matrix.) 

K  =  - E -  (Eqn.  2-83) 

I  kn  mn 

where  r  defines  the  node,  r  is  the  summation  over  all  elements  i.e.  trying  into  the  node  r,  kn  is  given  by  equation 
(Eqn.  2-81)  and  is  automatically  unity  for  beam  elements,  and  m  is  the  total  lumped  mass  for  the  node.  Though  each 
element  has  its  "own"  time  associated  with  kn,  the  BR-1  code  will  use  a  single  time  for  each  node  which  will  be 
approximated  by  the  average  time  at  which  the  perforated  elements  of  that  node  are  perforated  by  the  source  that 
first  perforates  an  element  of  that  node. 

In  the  above  discussion  of  mass  adjustment  for  perforation,  it  is  assumed  that  the  perforations  are  randomly  located 
over  the  surface  of  each  element. 


102 


2.2.2.2  Predicting  Damage  Caused  by  Blast  from  HE  Projectiles 

There  are  two  components  of  blast  pressure  generated  by  HE  projectiles:  a  shock  overpressure  and  a  confined  gas 
pressure  that  occurs  when  gases  produced  by  the  detonation  are  confined  within  enclosed  cells.  Figure  2-93  shows  an 
idealization  of  the  shock  and  confined  gas  overpressure  components.  The  parameters  affecting  the  intensity  of  these 
pressire  loadings  are  described  in  Table  2-20.  Damage  occurs  when  these  transient  pressure  loadings  combined  with 
existing  flight  loads  exceed  the  strength  capability  of  structural  elements,  resulting  in  rupture,  attachment  failures, 
and  buckling  failures. 

Regardless  of  whether  the  detonation  is  initiated  internally  (delay-fuzed  projectile)  or  externally  (superquick-fuzed 
projectile  or  missile  warhead),  the  structure  will  initially  experience  a  dynamic  overpressure,  often  referred  to  as  a 
shock  wave.  This  pressure  loading  is  of  very  short  duration,  typically  lasting  one  ‘"'"dred  microseconds  or  less. 
However,  the  peak  pressure  can  be  very  high,  and  extensive  damage  can  result.  The  contineu  gas  pressure  typically 
has  a  lower  peak  value  than  the  shock  overpressure,  but  it  has  a  much  longer  duration  and  may  continue  to  act  against 
interior  structure  after  the  stock  wave  has  dissipated.  As  a  result,  confined  gas  pressure  can  be  a  significant  failure 
mechanism  in  cellular  structure. 

The  following  paragraphs  describe  the  dynamic  pressure  loadings  induced  by  blast  and  some  of  the  general  features  of 
structural  response  to  these  loadings,  and  several  analysis  methods  available  for  blast  damage  assessment  and  design. 
Available  analysis  techniques  for  predicting  blast  damage  in  structure  are  less  precise  than  those  available  for 
projectile  penetration  damage.  In  fact,  predicting  blast  damage  per  se  is  an  intractable  problem.  This  is  partly  due 
to  the  fact  that  blast  damage  is  more  dependent  upon  configuration  than  projectile  damage,  and  partly  due  to  the 
fact  that  very  little  parametric  empirical  data  is  available. 
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Figure  2-93.  Overpressure  from  Confined  Detonation-Resultant  of  Two  Pressure  Components 


Table  2-20.  Parameters  Affecting  the  Components  of  Blast  Pressure  Loadings 


COMPONENT  OF  BLAST  PRESSURE 

CONTROLLING  PARAMETERS 

SHOCK  OVERPRESSURE: 

INCIDENT  SHOCK  OVERPRESSURE  P 

EXPLOSIVE  CHARACTERISTICS: 

•  CASE  WEIGHT 

•  EXPLOSIVE  COMPOSITION 
•EXPLOSIVE  WEIGHT 

•  CASE  CONSTRUCTION 

•  DECAY  CHARACTERISTICS 

DISTANCE  FROM  DETONATION  CENTER 

REFLECTED  SHOCK 

INCIDENT  OVERPRESSURE,  P 

OVERPRESSURE.  PR 

ANGLE  OF  INCIDENCE,  0 

NATURAL  FREQUENCY  OF  STRUCTURE 

TIME  DURATION  OF  OVERPRESSURE 

CONFINED  GAS  PRESSURE,  Pg 

EXPLOSIVE  CHARACTERISTICS 

VOLUME  OF  ENCLOSURE 

EXTENT  OF  VENTING 
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2.2.2.2.1  Dynamic  Press  ire  Loadings  Induced  by  HE  Projectile. 

The  character  of  the  shock  overpressure  and  confined  gas  pressure  pulses  resulting  from  the  detonation  of  HE 
projectiles  is  described  in  .his  subsection.  These  are  transient  pressure  loadings,  of  course,  consisting  of  a  nearly 
instantaneous  increase  of  pressure  to  a  peak  value  followed  by  a  rapid  decay  of  pressure.  The  structure  responds  in  a 
dynamic  manner.  It  will  be  evident  from  the  discussion  of  the  response  of  structural  members  to  transient  pressure 
pulses  (Sections  2.2. 2. 2. 2  and  2.2.2.2.31  that  the  time  duration  of  the  pressure  pulse,  the  peak  pressure,  and  the  total 
impulse  are  sigiificant  parameters  for  analysis. 

2.2.2.2.1.1  Shock  Overpressure 

The  shock  overpressure  or  shock  wave  is  the  classic  "blast  wave"  shown  in  Figure  2-94,  consisting  of  a  peak 
overpressure  that  immediately  begins  to  decay.  This  wave  propagates  outward  from  the  center  of  detonation 
travelling  at  the  local  speed  of  soind,  i.e.,  the  sonic  velocity  corresponding  to  the  peak  overpressure,  which  is  always 
greater  than  the  sonic  velocity  of  the  medium  at  ambient  conditions.  The  pressure  pulse  is  characterized  by  a  peak 
positive  overpressure,  a  time  duration,  a  decay  shape  and  a  total  impulse.  Values  of  these  parameters  depend  on  the 
strength  and  shape  of  the  explosive  charge  as  well  as  the  distance  from  detonation.  For  certain  situations,  most 
notably  spherical  and  point  charges,  tabulated  values  of  these  parameters  may  be  found  in  the  literature  (Ref.  2-34, 
for  example),  typically  presented  as  TNT  equivalents.  These  are  generally  unsatisfactory  for  describing  explosions 
generated  by  high-exploding  projectiles,  however,  because  of  asymmetric  effects  caused  by  the  construction  of  the 
projectile  case  and  the  velocity  of  the  projectile,  plus  the  general  unreliability  of  explosive  pulse  characterization 
within  distances  near  the  center  of  detonation.  Further  experimental  work  will  be  required  before  this  deficiency  can 
be  corrected. 

The  overpressure  pulse  described  above  represents  the  pressure  response  of  a  point  within  the  medium,  i.e.,  in  free- 
lir.  It  is  not  direction-dependent,  and  is  sometimes  called  "side-on"  overpressure.  When  the  shock  wave  strikes  an 
element  of  structure,  however,  the  pressure  loading  initially  acting  on  the  structure  will  be  either  the  reflected 
overpressure  or  the  Mach  stem  overpressure,  depending  on  the  angle  of  incidence  between  the  shock  front  and  the 
surface.  For  nearly  head-on  incidence,  the  incoming  shock  wave  is  reflected  from  the  surface  of  the  structure,  as 
shown  in  Figure  2-95,  and  the  superposition  of  the  incident  and  reflected  waves  causes  a  pressure  amplification  on 
the  surface.  This  amplified  pressure  is  the  reflected  overpressure.  However,  as  the  angle  of  incidence, 0,  of  the 
initial  shock  front  is  increased,  a  value  is  reached  such  that  the  incident  wave  does  not  reflect,  but  instead  travels 
along  the  surface,  forming  a  "Mach  stem"  as  shown  in  Figure  2-96.  The  pressure  loading  behind  the  Mach  stem  is  the 
Mach- stem  overpressure,  and  acts  directly  on  the  structure. 


Figure  2-94.  Typical  Pressure-  Time  Response  at  Soma 
Location  Away  From  Detonation 


•  REGION  X-AMBIENT  CONDITIONS 

•  REGION  Y— CONDITIONS  CREATED  BY  INCIDENT  SHOCK 

•  REGION  R— CONDITIONS  CREATED  BY  THE  REFLECTED 

SHOCK  ENTERING  REGION  Y 


Figure  2-96.  Incident  and  Reflected  Shock  Fronts  at  a  Surface 


Figure  2-96.  Mach  Stem  Formation  Resulting  From 
Oblique  Incidence  of  Shock  Front 
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Figure  2-97.  Two  Methods  of  Deeelaping  Equivalent 
Triangular  Rude 
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In  order  to  simplify  structural  analysis,  it  is  common  practice  to  transform  the  actual  pressure  pulse,  which  has  an 
exponential  decay,  into  an  equivalent  triangular-shaped  pulse  having  the  same  total  impulse  as  the  actual  pulse. 
Figure  2-97  shows  two  methods  for  doing  the  transformation. 

Nunerical  Values  of  Shock  Overpressure,  Normal  Incidence.  Figures  2-98  and  2-99,  present  shock  overpressure  pulse 
characteristics  for  a  typical  HF.  projectile  and  for  one  poind  of  TNT,  both  detonated  at  sea  lt>:i  and  at  altitudes  of 
10,000,  20,000,  30,000,  and  60,000  feet.  The  figures  give  the  following  information: 

1.  Pulse  time  duration  (positive  phase); 

2.  Peak  incident  overpressure,  i.e.,  the  peak  "side-on"  overpressure; 

3.  Peak  reflected  overpressure  of  equivalent  triangular  pulse,  based  on  normal  (non-oblique)  incidence. 

These  values  are  plotted  as  functions  of  distance  from  detonation.  The  numerical  data  was  obtained  from  operation 
of  the  computer  code  BLAST,  described  in  Reference  2-32.  BLAST  is  the  most  comprehensive  analysis  tool  currently 
available  for  predicting  pressure  pulses  from  HE  projectile  detonations.  The  projectile  characteristics  that  were 
input  to  the  BLAST  code  were  obtained  from  Ref.  2-14.  This  information  included  charge  weight,  explosive  number, 
L/D  ratio,  and  case/charge  weight  ratio. 


Nunerccal  Values  of  Shock Overpressire,  Oblique  Incidence.  The  data  in  Figures  2-98  and  2-99  is  for  normal  (nc.i- 
oblique)  incidence  of  the  shock  front  ($=0,  Figure  2-95),  as  oblique  incidence  is  not  treated  in  the  BLAST  comput  r 
code'..  The  validity  of  available  methods  ior  assessing  the  effects  of  obliquity  is  uncertain.  For  qualitative 
assessments,  Figure  2-  100  presents  reflection  coefficients  for  oblique  incidence,  giving  n>  the  ratio  of  peak  reflected 
overpressire  at  the  angle  of  incidence  B  to  the  peak  reflected  overpressure  at  normal  incidence.  The  data  is 
presented  for  detonation  altitudes  from  sea  level  to  60,000  feet.  In  developing  this  data,  the  BLAST  code  was  used  to 
establish  the  ratio  of  incident  nonoblique  overpressure  to  relected  overpressure  as  a  finction  of  altitude.  The  ratio  of 
reflected  overpressure  to  incident  pressure  for  oblique  incidence  was  obtained  from  Reference  2-33.  This  figure 
from  that  reference  appears  in  modified  form  as  Figure  2-101. 


The  parameter  ri  ,  appearing  in  Figure  2- 100,  was  then  calculated  from  the  relationship: 


n  =  r  B 


RO 


Pi  l  PRO  ) 


(Eqn  2-84) 


where, 


Rfl 

PRO 

PM 

pi 


reflected  overpressure  from  obiique'  iheident  shock  wave; 
reflected  overpressure  from  nonoblique  incident  shockwave; 

ratio  of  reflected  overpressure  to  incident  overpressure,  oblique  incident  shock  wave 
(obtained  from  Figure  2-  101); 


R.Q  =  ratio  of  reflected  overpressure  to  incident  overpressure,  nonoblique  incident  shock  wave 
Pj  (obtained  from  NOL  BLAST  code,  Ref.  2-32). 

T|  can  be  used  to  compute  the  peak  pressure  of  the  equivalent  triangular  pulse  for  oblique  incidence,  once  the 
corresponding  value  for  nonoblique  incidence  has  been  obtained  from  Figure  2-98  or  2-99.  This  is  done  from: 


PA& 


=  HP 


Ao 


(Eqn  2-85) 


where, 


PA0 


Ao 


peak  pressure  of  equivalent  triangular  pulse,  oblique  incidence; 
reflection  coefficient  from  Figure  2-100; 


This  relationship  is  based  on  the  following: 


PAo  =  trf  *RO 

(Eqn  2-86) 

*»  ■  i ,RS 

(Eqn  2-87) 

where  Iro  an^  Ir  are  impulses  corresponding  to  the  normal  incidence  and  oblique  incidence  reflections. 
The  time  duration  of  the  pulse,  td,  is  assumed  to  be  independent  of  angle  of  incidence.  It  follows  that: 
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PAB  =  npAo 
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(Eqn  2-88) 
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Figure  2- 100.  Reflection  Coefficients  for  Oblique  Shock  Weves 
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Figun  2- 101.  Rrfhctwd  Prmun  Cogffhknt  Vtnut  Angh  of  lnctdmx» 


2. 2.2. 2. 1.2  Confined  Gas  pVessire 

Expansion  of  the  (tot  Rases  Renerated  by  an  internal  explosion  may  be  restricted  by  the  enclosing  structure,  creating 
an  internal  pressure  loading.  The  gases  are  confined  until  released  by  the  venting  available  through  fragment 
perforations,  existing  vents  to  adjacent  cells  such  as  lightening  holes  in  webs,  or  the  failure  of  internal  structure 
resulting  in  the  availability  of  additional  volume  for  expansion.  The  penetration  holes  and  vents  act  as  orifices, 
resulting  in  exponential  decay  of  the  internal  pressure  as  the  confined  gases  exit  through  the  orifices. 

As  a  first  approximation,  confined  gas  pressures  can  be  represented  as  an  instantaneous  pressure  rise  followed  by 
pressure  decay  at  a  rate  controlled  by  the  availability  of  venting.  Prediction  of  the  amplitude  of  confined  gas 
overpressures  and  the  rate  of  pressure  decay  due  to  venting  are  presented  in  Figures  2-102  and  2-103,  generated 
using  RLA8T  (Ref,  2-32)  computer  code  and  explosive  characteristics  from  Ref.  2-14.  These  curves  can  be  used  to 
establish  the  pressure-time  history  for  confined  gas  overpressures  resulting  from  internal  detonations  o'  a  typical  HE 
projectile. 

Figure  2-102  gives  peak  confined  gas  overpressure  within  invented  enclosures  of  variable  volune,  assuming  no 
venting  and  no  heat  transfer  through  the  walls  of  the  enclosure.  Figure  2- 103  shows  the  decay  of  the  confined  gas 
overpressure  that  results  from  venting  ol  the  enclosure.  The  degree  of  venting  is  represented  by  the  vented  surface 
area,  A,  and  the  time-histories  are  developed  for  various  values  of  the  ratio  of  vent  area  to  enclosed  volume. 
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•  ADIABATIC  CONDITIONS 

•  DATA  GENERATEO  BY  BLAST  COMPUTER  COOE  (REF.  2-32) 
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A  -  VENT  AREA  (ft2)  DATA  GENERATED  BY  BLAST  COMPUTER  CODE  (REF.  2-321 


TIME  FROM  DETONATION  (rm) 


SEA  LEVEL 

CELL  VOLUME  -  10.0  ft3 
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CELL  VOLUME  -  80.0  ft3 


Figure  2 ■  103.  Confined  C-as  Pressure-Time  Histories  for  Internet  Detonations  in  Vented 
Enclosure,  Typical  HE  Projectile 
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2. 2. 2. 2. 2  Fundamental  Aspect*  of  the  Response  oi  Str  jcture  to  Blast  Pressure  Loadings 

This  subsection  discusses,  in  general,  the  dynamic  behavior  of  structure  which  is  subjected  -o  transient  pressure 
loadings  of  the  type  described  in  2.2.2.2.I.  Some  understanding  of  this  behavior  will  be  of  value  in  comprehending  the 
deformation  analysis  methods  presented  in  2. 2. 2. 2. 3. 

Structural  Response  to  Transient  Pressures.  The  deformation  of  a  structure  exposed  to  transient  pressure  loadings 
depends  on  the  amplitude/time  characteristics  of  the  loading  and  the  mass  distribution  and  stiffness  properties  of  the 
stiucture.  Some  general  information  on  the  response  of  the  structure  to  loadings  of  this  type  can  be  obtained  by 
studying  the  response  of  the  one-dimensional  linear  elastic  system  idealized  in  Figure  2-104.  This  system  has  a 
characteristic  natural  frequency,  u>,  and  a  corresponding  natural  period  of  free  vibration,  T. 

Figure  2-105  shows  a  typical  blast  pressure  pulse,  which  is  to  be  applied  to  the  linear  oscillator.  The  pulse  is  defined 
by  a  force  (P  )  per  unit  mass,  a  time  duration  (t),  a  decay  function  (0),  and  an  impulse  (I).^The  resulting  displacement 
of  the  oscillator  can  be  written  as  (Ref.  2-35): 


f, 

<*)2 


(2-89) 


where. 


f  =  =r —  (X  +  A)cosWt+  (-j-p  +  B)sin<i)t 
P  o  w 
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/*> 


-P 


A  = 


B  = 


m_  jtf/it)  sinui  tdt 
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m  f<Hx)  cosw  tdt 


u> 


If  a  static  force  Ps  is  applied  to  the  oscillator,  the  displacement  is: 

v  Ps  (2-90) 

Xs  =  5)2 

Taking  the  maximum  dynamic  displacement  from  (2-89)  and  dividing  by  the  expression  for  static  displacement  (2-90) 
gives: 


m  m  , 

X  P  max 
s  s 


(2-91) 


From  (2-91),  the  ratio  of  dynamic  (Pm)  and  static  (Ps)  loads  which  cause  the  same  maximum  displacement  is: 
f  -1 

T~  '  ’max  (2-92) 

s 

Similarly,  it  can  be  readily  shown  that  if  a  purely  impulsive  load  is  applied  tb  the  oscillator  (i.e.,  an  ideal  pressure 
pulse  has  impulse  I0,  but  zero  time  duration)  the  maximum  displacement  is: 


X  -  — 
*m  w 


This  corresponds  to  the  displacement  caused  by  a  static  load  of  magnitude: 


Ps  =  ,o“ 


(2-93) 


(2-94) 


For  any  applied  pressure  pulse,  the  impulse  can  be  written  as: 


l  =  Pm’ 


(2-95) 


where, 


=  /« t)dt 


Combining  2-94  and  2-95  gives: 
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The  two  equations  (2-92  and  2-96)  give  the  peak  ampiitude/impulse  combinations  which  produce  the  same  maximum 
dlsf  icement  of  a  linear  oscillator.  These  relations  can  be  used  to  illustrate  sane  basic  aspects  of  dynamic  structural 
response  by  constructing  pres  sire- impulse  diagrams  defining  the  displacement  of  the  oscillator  to  different  types  of 
transient  loading  pulses.  Figure  2- 106,  from  Reference  2-33,  shows  a  pressure-impulse  (Pi)  diagram  for  the  linear 
elastic  oscillator  responding  to  triangular  pressire  pulses  of  varying  peak  pressires  and  time  durations.  Points  along 
the  cirve  represent  different  pulse  durations,  and  these  durations  can  be  compared  with  the  natural  period  of  the 
oscillator.  Point  A,  for  example,  corresponds  to  a  pulse  duration  of  approximately  1/5  of  the  natiral  period  of  free 
vibration,  while  Point  C  corresponds  to  a  duration  of  nearly  twice  the  natural  period.  The  figure  indicates  that! 

1.  For  very  short-duration  loadings,  say  durations  less  than  1/5  of  the  natural  period,  response  depends  only  on  the 
impulse  of  the  pulse  and  is  independent  of  the  peak  pressure. 

2.  For  longer  pulse  durations,  say  twice  the  natural  period  of  the  oscillator,  response  becomes  insensitive  to 
impulse,  depending  primarily  on  peak  pressure. 

3.  For  intermediate  durations,  response  depends  on  both  peak  pressure  and  impulse. 

These  general  observations  hold  for  any  type  of  pressure/time  history,  but  structural  response  is  also  influenced  by 
the  shape  of  the  pressure/time  curve  as  determined  by  the  decay  function.  This  can  be  seen  from  Figure  2-107 
which  shows  the  PI  diagrams  for  rectangular,  triangular,  and  exponential  pulses.  Figure  2- 108  presents  a  PI  diagram 
for  a  rigid-plastic  structural  system,  an  idealization  appropriate  when  elastic  deformations  are  negligible  relative  to 
plastic  deformations.  These  PI  curves  are  similar  in  shape  to  those  of  the  elarfic  system,  but  have  shifted  outward 
from  the  origin,  indicating  the  greater  capacity  for  absorbing  energy  due  to  the  plasticity.  This  generality  of  PI 
relationships  has  resulted  in  their  use  as  damage  criteria  by  a  number  of  investigators  (References  2-36  and  2-37). 

In  most  applications  involving  HE  projectiles  the  shock  overpressures  from  either  internal  or  external  blast  will  be  of 
a  very  shor ,  or  intermediate  category,  and  the  residual  confined  gas  pressure  from  internal  blasts  can  be  regarded  as 
a  step  function  loading. 


Figure  2-106.  Pressure-Impulse  Diagram  for  Triangular  Pula 
Causing  the  Same  Maximum  Deflection 


Figure  2  107.  Effect  of  Putae  Shape, 
Elastic  Structure 


Figure  2-109.  Effect  of  Pulse  Shape, 
Rigid-Plastic  Structure 
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2.2. 2.2.3  Analysis  Met  hock  for  Predicting  Structural  Responae 


A  general  approach  for  predicting  the  damage  done  to  structural  elements  by  blast  pressure  is  shown  in  Figure  2-109. 
This  approach  includes  assessing  the  stresses  or  deformations  induced  by  both  shock  overpressure  and  confined  gas 
pressure,  and  superimposing  these  with  the  stresses  or  deformations  due  to  applied  flight  loads.  The  resulting 
condition  is  then  compared  with  design  allowables  to  determine  if  a  failixe  has  occurred. 

Some  of  the  analytical  methoos  available  for  predicting  structural  response  to  blast  loadings  include: 

1.  Finite  Element  Analysis 

2.  Finite  Difference  Analysis 

3.  Dynamic  Plate  Analycis 

4.  Equivalent  Static  Load  Analysis 

5.  Critical  Impulse  Failure  Criteria 

6.  Empirical  Failure  Criteria  for  Components 

Finite  element  analysis,  specifically  the  UR-1  series  of  codes  and  also  general  purpose  codes  with  dynamic  capability 
such  as  MARC  and  NASTRAN,  is  the  most  accurate  approach  available,  particularly  for  assessing  multi-element 
structure.  However,  this  accuracy  is  achieved  at  the  expense  of  time  and  resources.  Dynamic  analysis  using  finite 
element  and  finite  difference  codes  is  costly  in  terms  of  computer  time,  because  of  the  small  time  steps  required  to 
maintain  stability.  Because  of  this,  iess  expensive  (and  hence,  less  accurate)  approaches  are  retired  for  many 
applications,  particularly  for  trade  studies  and  other  conceptual  and  preliminary  design  applications.  These  less- 
accurate  approaches  are  usually  based  on  the  response  of  a  simple  structural  element  such  as  a  plate  or  beam. 
Methods  3,  4,  5,  and  6  below  fall  into  this  category. 

2.2.2.2.3.1  Finite  Element  Analysis  for  Predicting  Structural  Response  to  Blast 

The  BR-  1  and  BR-1A  computer  codes  (Ref.  2-13,  2-14)  were  developed  by  Northrop  and  released  to  the  technical 
community  in  1974.  The  BR-  1FC  computer  code  is  a  modification  of  the  BR- 1  code  extending  the  capability  to  fiber 
composite  structure,  developed  by  Boeing  in  1978  (Ref.  2-15).  The  codes  are  designed  to  predict  the  stresses  and 
deflections  in  aircraft  structure  caused  by  HE  projectile  detonations. 

The  BR- 1,  BR1-A  and  BR-1FC  computer  codes  provide  the  most  comprehensive  analysis  approach  now  available  for 
predicting  the  blast  response  of  metallic  and  fiber  composite  structural  configurations,  and  correlation  with  test  data 
has  been  good.  They  are  all  dynamic  response  codes  using  elastic-plastic  stress/strain  laws.  The  BR  - 1 A  is  a 
modification  of  the  BR-1  which  includes  triangular  plate  elements.  All  use  library  routines  tv  compute  the  blast 
pressure  and  fragment  dispersion  on  each  element  as  a  function  of  time  for  several  high-explosive  projectiles.  In 
addition,  BR-1FC  uses  the  method  developed  by  Sandhu  to  calculate  stresses  and  strains  in  each  layer  of  a  laminated 
fiber  composite  plate,  providing  the  laminated  orthotropic  elastic-plastic  capability  lacking  in  the  other  two.  The 
following  is  a  summary  of  the  BR- 1  code  family. 

Description  of  BR-1  Input.  The  BR1  code  is  designed  to  predict  transient  response  of  skin-rib-stiffener  type  aircraft 
structure  subjected  to  impulsive  forces  or  pressure.  The-  user  has  the  option  of  either  selecting  the  torce  as  direct 
input  data  or  letting  the  code  compute  the  pressure  by  specifying  the  size  and  type  of  an  explosive.  The  structural 
elements  included  in  the  program  are  regular  axial,  torsional,  and  bending  load  carrying  beams;  offset  beams, 
isotropic  rectangular  and  triangular  plates  with  both  irvplane  and  bending  load  carrying  capabilities.  In  addition,  the 
BR-1FC  accepts  laminated  orthotropic  plate  elements. 

The  BR-1  code  accepts  structural  data  in  the  form  of  (1)  joint  coordinates,  (2)  structural  elements  as  identified  by 
terminal  joints  and  iheir  physical  and  dimensional  data,  and  (3)  constraints  at  given  joint  locations.  If  the  user 
chooses  trie  option  of  providing  predetermined  external  force  data,  he  can  input  each  impulsive  force  or  pressure  at 
each  corresponding  time.  On  the  other  hand,  if  the  user  wishes  to  use  the  blast  pressure  prediction  subroutine,  he 
must  select  an  explosive  and  let  the  program  compute  the  external  force. 

Description  of  BR-1  Output.  The  BR-1  code  prints  out  all  the  input  data  in  an  edited  format.  Data  includes 
structural  information,  control  codes  to  the  program,  bar  data,  plate  data,  joint  data,  constraint  data,  fragmentation 
data,  convergence  of  the  eigenvalue  and  the  stable  time  increment,  blast  data,  load  data  and  initial  stress  data.  The 
computed  data  are  printed  out  in  the  following  order: 

1.  Deflections  at  all  node  points  (Printed  as  each  time  step  is  completed); 

2.  Stress-strain  data  for  panels  (Printed  after  completion  of  all  time  steps); 

•  3.  Stress-strain  data  for  bars. 

The  types  and  configuration*:  of  finite  elements  in  the  BR-1  code,  the  number  of  Gaussian  stations  per  finite  element, 
the  number  of  points  for  which  stresses  are  computed  at  each  Gaussian  station,  the  total  number  of  points  (per  finite 
eleme  v.)  for  whi  :h  stresses  are  computed  are  all  presented  in  Table  2-2.1. 

For  failure  ssessment,  stresses  are  computed  at  all  Gaussian  stations  and  at  various  locations  through  the  thickness 
of  the  plate  elements  and  the  beam  element  as  indicated  in  Figure  2-110.  At  each  point  for  which  stresses  are 
computed  an  automated  check  is  made  to  determine  if  failure  has  occurred.  If  failure  has  occurred,  a  statement  of 
the  structural  failure  is  made  in  the  printout  and  the  stresses  at  points  for  which  stresses  are  printed  are  thereafter 
listed  as  zero.  The  location  and  identification  of  points  within  beam  and  plate  elements  at  which  the  test  for  failure 
is  made  are  shown  in  Figures  2-lll'and  2-112.  The  program  checks  for  failures  in  the  longitudinal,  transverse  and  shear 
directions  of  each  layer  at  each  station  point.  A  longitudinal  failure  is  indicated  whenever  the  strain  in  the  fiber 
direction  exceeds  the  largest  strain  input  on  the  longitudinal  tension  or  compression  stress-strain  curve,  depending  on 
the  sign  of  the  strain.  Transverse  and  shear  failures  are  similarly  defined  as  the  exceedance  of  the  largest  strain  on 
the  transverse  and  shear  stress-strain  curves. 

Three  different  failure  criterion  may  be  used  to  halt  the  program  before  the  specified  number  of  time  steps  have 
elapsed.  These  are  point  failure,  station  failure  and  node  failure.  Table  2-22  gives  a  description  of  each. 
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Table  '4-21:  Points  Where  Stress  ere  Computed  end  Failure  May  Be  Predicted 
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PLATE  ELEMENT 


BEAM,  RECTANGULAR  CROSS-SECTION 


BEAM,  TEE  CROSS-SECTION 


NOTE:  ONE  A  1ITIONAL  POINT  WHICH  IS  NOT 
AN  EX  .IEME  FIBER  POINT  IS  SELECTED 
FOR  THE  TEE  CROSS  SECTION  SO  EACH 
BEAM  ELEMENT  HAS  PRINTED  DATA  FOR 
FOUR  POINTS. 


Figure  2- 1 10.  Location  of  Points  for  Which  Stresses  and  Strains  are  Printed  Out 


Table  2-22.  Description  of  Types  of  Failure 
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THE  X.  Y.  Z  DIRECTIONS  OP  THE  MEMBER  COORDINATE  SYSTEMS  ARE  SHOWN 
ON  THE  FIGURES. 


Figure  2-111.  Beam  Finite  Elements  With  Tee  and  1-Cross  Section 


ISOTROPIC  RECTANGULAR  PLATE  ELEMENT 

POINTS  No.  I  THROUGH  B 
IN  TOP  SURFACE; 

POINTS  NO.  26  THROUGH  36 
IN  BOTTOM  SURFACE 


Tht  x,  y,  i  direction!  el  the  member  coordinate  eytteme 
ere  ihown  on  the  figures. 


BEAM  ELEMENT  WITH  RECTAN- 
GULAR  CROSS  SECTIONS 

POINTS  NO.  13, 14,  AND  16 
IN  TOP  SURFACE; 

POINTS  NO.  72,  23,  AND  24 
IN  BOTTOM  SURFACE; 

POINTS  NO.  1.  ZAND  3 
IN  ONE  SIDE  SURFACE: 
POINTS  NO.  10, 1 1,  AND  13 
IN  THE  OTHER  SIDE  SURFACE 


Figure  2-112.  Plate  and  Beam  Finite  Elementt  with  Rectangular  Cross  Sections 
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Struct ir al  Response  Theory  (Extracted  From  Ref.  2-13).  The  scheme  used  to  determine  the  transient  structural 
response  in  the  BR-1  code  is  similar  to  the  method  presented  by  Wu  and  Witmer  (Reference  2-38).  While  Wu  and 
Witmer  limit  their  development  to  "one-dimensional"  planar  analysis  and  infinitesimal  strains,  the  BR-1  analysis  uses 
a  "two-dimensional"  (structure  and  structural  deformations  defined  in  terms  of  two  independent  spatial  variables) 
theory  of  structures  in  three-dimensioned  space,  and  also  considers  finite  strains.  Both  theories  oonsider  the 
nonlinear  geometric  aspect  of  large  deflections  and  nonlinear  material  properties. 


The  BR-1  response  equations  are  obtained  by  considering  the  structure  to  be  modeled  by  finite  elements.  In 
particular,  the  finite  elements  are  restricted  to  flat  finite  plate  elements  and  straight  finite  beam  elements.  These 
finite  elements  are  assumed  to  have  displacement  patterns  through  their  thickness  according  to  the  Bernoulli-Euler 
hypothesis,  and  it  is  this  restriction  which  renders  the  geometrically  three-dimensional  finite  elements  as  "two- 
dimensional"  mathematical  elements.  Element  node  points  are  defined  at  the  corners  of  the  plate  elements  and  at 
the  end  points  of  the  beam  element. 

The  theory  used  is  known  as  the  assumed  displacement  finite  element  method  since  the  displacement  pattern  over  the 
surface  (or  length)  of  the  finite  element  is  prescribed  in  terms  of  the  displacements  at  the  node  points  of  the 
element.  The  total  structure  is  modeled  by  an  assemblage  of  these  finite  elements  connected  to  each  other  only  at 
their  node  points. 

Each  element  faithfully  retains  the  material  properties  of  the  structural  continuum  and  the  geometry  is  faithfully 
preserved  by  the  model  within  the  limitations  of  the  finite  element  method.  The  approximation  in  the  theory  lies 
principally  in  the  continuity  conditions  between  elements  and  the  displacements  of  the  finite  elements. 


Using  the  Principle  of  Virtual  Work  together  with  D’Alembert's  Principle,  the  dynamic  equations  of  equilibrium  are 
obtained.  In  particular,  the  dynamic  equations  of  equilibrium  which  give  rise  to  the  transient  response  are'the  form: 


where: 


M  KMC) 
lc]  •lF|-  M-  Mh 


internal  stresses  within  the  structure.  Iq*| 
mass  approach  is  used  in  developing  [m]. 


(Eqn.  2-97) 


f F J  consists  of  the  external  and  body  forces,  (p)  and  Th]  (q*j 
termal  stresses  within  the  structure.  |q*l  is  the  matrix  of  generali 


consist  of  the  nodal  forces  resulting  from  the 
generalized  displacements  at  the  nodes.  The  lumped 


The  constitutive  eqjations  for  the  BR-1  code  were  developed  for  isotropic  materials  and  incorporate  the  von  Mises 
yield  condition,  the  Prandtl-Reuss  normal  flow  rule,  and  isotropic  work  hardening.  Furthermore,  the  constitutive 
equations  are  developed  for  finite  strains  and  are  based  on  the  approximation  that  the  terms  of  the  order  of  the  strum 
squared  are  of  infinitesimal  (negligible)  magnitude  relative  to  unity.  Such  an  approximation  is  deemed  acceptable 
when  the  strains  are  limited  to  less  than  ten  percent. 


The  strain-displacement  equations  that  were  used  in  the  development  of  the  BR- 1  code  were  chosen  to  avoid  the 
limitation  that  deflections  be  small  compared  to  the  plate  surface  dimensions.  The  equations  are  deemed  suitable  for 
strains  up  to  approximately  ten  percent  and  rotations  up  to  approximately  twenty  per'cent. 

The  integration  of  equation  (2-97)  is  carried  out  numerically  in  the  BR-1  code  with  the  use  of  the  central-finite- 
difference  method  to  obtain  displacement  increments  at  the  end  of  each  time  increment.  From  the  incremental 
displacements  and  the  strain-displacement  equations,  incremental  strains  are  computed.  The  incremental  strains  are 
used  in  combination  with  the  constitutive  relations  (and  strain  rate  considerations,  when  appropriate)  to  determine 
incremental  stresses.  The  total  displacements,  strains,  and  stresses  are  then  updated  by  the  BR- 1  code  at  the  end  of 
each  time  increment. 


Finite  strain  is  included  in  the  BR-1  response  theory.  This  means  that  strain  is  not  assumed  to  be  infinitesimal 
relative  to  unity.  However,  the  theory  does  assume  that  the  product  of  strains  is  negligible  compared  to  unity  which 
is  deemed  acceptable  when  strains  are  limited  to  the  order  of  10-percent.  With  finite  strain  the  Kirchhoff  stress 
required  in  the  strain  energy  term  can  be  properly  obtained.  Furthermore,  the  von  Mises  yield  criterion  can  be 
written  in  the  true  invariant  form  with  stress  definition  based  on  the  deformed  cross-sectional  areas. 

The  same  finite  strain  approach  (without  the  BR-  1  simplification  that  the  finite  strains  be  moderate,  i.e.,  less  than  10 
percent)  has  been  successfully  backed  up  by  experimental  verification  with  straining  into  the  failure  region  under  the 
condition  of  uniaxial  tension,  (Reference  2-39). 

In  developing  the  BR-1  code,  considerable  attention  was  directed  to  establishing  a  time  increment  that  would  result 
in  a  numerically  stable  solution.  Leech  (Reference  2-98)  has  presented  the  criterion  that  would  be  applicable  in 
determining  the  maximum  time  increment  for  the  time  integration  in  the  BR-1  code.  An  iteractive  technique  was 
developed  in  the  BR- 1  code  to  automate  the  utilization  of  this  criterion. 

Blast  Pressure  Loading  (Partially  Extracted  From  Ref.  2-13).  The  BLAST  code  (Reference  2-32)  was  developed  by  the 
Naval  Ordnance  Laboratory  to  describe  the  overpressures  resulting  from  the  detonation  of  an  HE  projectile  internal 
to  an  aircraft  structure.  The  BLAST  code  is  used  as  a  subroutine  in  the  BR-1  codes  to  determine  the  transient 
pressure  (or  impulse)  resulting  from  the  internal  detonations.  The  BLAST  subroutine  of  the  BR-1  code  analytically 
divides  the  internal  explosion  into  two  damaging  mechanisms  -  the  shock  wave  and  the  confined  explosion  gas 
pressure.  For  the  shock,  the  code  generates  the  incident  and  normally  reflected  pressure-time  history  and  impulse 
for  the  positive  phase  duration  at  specified  distances.  State-of-the-art  explosion  theory  and  experimental  data  were 
used  to  develop  the  shock  calculation  model. 

The  code  reduces  the  shock  calculation  for  all  cases  to  the  reference  data  from  a  free  field,  bare  spherical  l-lb  TNT 
explosion  at  sea  level  ambient  conditions.  The  pressure-time  history  during  the  positive  phase  duration  is  given  by 
the  empirical  equation  (Reference  2-32). 

APMP.=(l-t/td>  e^dpgj^] 


(Eqn.  2-98) 
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where: 

AP  = 

instantaneous  incident  overpressure; 

AP.  = 

i 

peak  incident  shock  overpressure; 

t 

time  measured  from  shock  arrival; 

<d  = 

positive  phase  duration; 

R  = 

distance  from  explosion,  cm  (the  minimum  R  for  calculations  is  65). 

The  code  has  provisions  for  converting  the  incident  overpressure  to  normally  reflected  pressure  which  is  applied  to 
panel  element  surfaces. 

The  confined  gas  overpressure  that  is  computed  in  the  BLAST  code  accounts  for  the  chemical  reaction  of  the 
explosive  with  the  surrounding  air  until  the  final  gas  temperature  is  reached.  The  code  uses  the  final  temperature 
and  amount  of  gas  in  the  structural  volume  to  determine  the  final  pressure.  The  BLAST  code  has  the  capability  of 
calculating  the  variation  of  the  overpressure  with  time  for  venting  due  to  holes  in  the  entry  and  exit  walls,  but  this 
feature  of  the  BLAST  code  is  not  incorporated  into  the  BR-1  code  because  venting  effects  are  not  important  in  the 
transient  response  of  the  order  of  1  millisecond  which  is  characteristic  of  the  problem  that  the  BR-1  code  is  expected 
to  solve. 

BR-1FC  Modification  for  Fiber  Composites.  The  existing  BR-1A  code  used  isotropic,  elastic-plastic  plates  providing 
good  characterization  of  most  metal  structure.  Blast  response  analysis  of  composites,  however,  requires  the 
laminated  orthotropic  elastic-plastic  capability  provided  by  the  BR-1FC  modification,  as  indicated  in  Figure  2-113. 
The  BR-1FC  (Fiber  Composite),  developed  by  Boeing  (Ref.  2-15)  replaces  the  isotropic  elastic-plastic  stress-strain 
relations  with  nonlinear  orthotropic  laminated  plate  equations  of  the  type  developed  by  Sandhu  in  Reference  2-41.  in 
the  Sandhu  method,  stresses  and  strains  are  computed  in  each  layer  of  the  laminate  (Figure  2-114)  at  a  given  load 
level  and  are  used  to  determine  the  moduli  in  the  layer  coordinate  system.  These  moduli  are  then  used  to  calculate 
the  laminate  stiffnesses  for  use  in  determining  incremental  stresses  and  strains  due  to  the  next  load  increment. 

A  spline  fit  method  was  used  to  interpolate  between  input  points  in  the  stress-strain  curves  to  determine  stresses  and 
moduli.  A  layer  is  defined  as  having  failed  in  a  given  direction  (fiber  direction,  transverse  to  fiber  direction  or  shear) 
when  the  strain  in  that  direction  is  greater  than  the  maximum  value  input  for  its  stress-strain  curve.  The  BR-1FC 
program  requires  inputting  tension  and  compression  stress-strain  curves  in  the  fiber  direction  and  transverse  to  the 
fiber  direction,  and  a  shear  stress-strain  curve  to  define  the  stress-strain  behavior  of  a  laminate. 

Correlation  of  BR-IFC  Predictions  with  Test  Data.  Panel  deflections  and  failure  observations  from  blast  tests  of 
graphite/epoxy  and  aluminum  panels  were  used  to  verify  the  predictions  of  the  BR-1  and  BR-IFC  codes.  Figure 
2-115  shows  the  BR-IFC  finite  element  model  of  the  graphite/epoxy  test  panels  and  the  aluminum  supporting  beams. 
The  test  setup  for  the  bare  charge  tests  consisted  of  a  charge  suspended  in  the  center  of  a  spherical  blast  chamber, 
with  the  test  panel  positioned  at  the  desired  standoff  distance  and  supported  by  an  aluminum  angle  frame  mounted  on 
support  beams.  C-4  explosive  charges  were  sized  to  provide  approximately  the  explosive  capability  of  a  typical  HE1 
projectile.  The  13-inch  by  13-inch  test  panels  were  bolted  to  the  angle  frame  on  one-inch  centers.  Panel 
displacement  was  measured  by  photographing  the  rear  surface  of  the  pane)  in  silhouette  with  a  high-rate  framing 
camera. 


The  test  conditions  and  measured  deflections  are  summarized  in  Table  2-23.  Fhotographs  of  the  damaged  test  panels 
are  shown  in  Figure  2-116,  including  aluminum  panels  tested  for  comparison.  BR1-4  panels,  which  were  D.0?8-inch 
0/90  T300/934,  showed  considerable  delamination  and  cracking  between  fibers,  although  no  fractured  fibers  were 
seen.  The  BR1-7  and  BR1-8  panels  were  thinner  and  of  balanced  layup  (0.062-inch  O2/  +.45/90  T300/934  and  .077-inch 
0/+452/90  T300/934,  respectively).  These  showed  much  more  extensive  damage,  with  massive  regions  of  delamination 
and  many  broken  fibers.  The  BR1-7-3  panel  was  blown  out  of  the  test  frame. 


The  aluminum  panels  (BR1-6  and  BR1-9)  showed  less  damage  than  the  graphite/epoxy  panels,  although  they  exhibited 
permanent  deformation  which  the  composite  panels  did  not.  The  BR1-6  panels  (0.063-inch  7075-T6)  had 
approximately  0.4-in  of  permanent  set.  Corresponding  values  for  the  BR1-9  panels  (,040-inch  7075-T6)  were:  9-1  = 
0.85-in;  9-2  =  0.5-in;  9-3  =  1 . 1-in. 
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Figure  2-  IIS.  BR- 1  Finite-Element  Mode I  of  Blast  Panel 


Table  2-  23.  Blast  Test  Results  of  Graphite  -  Epoxy  and  7075-  T6  Panels 


Panel 

Laminate 

Thick  nau 
(in) 

Standoff 

Paak  reflect  ad 
overprawure  (lb/ln2) 

Maxim  urn 
deflection 
measured 
(in) 

(in) 

Gaga  1 
(center] 

Gaga  2  (15  in 
off  canter) 

BR1-1-1 

(146) 

0.143 

-2 

(±46) 

0.143 

-3 

(±46) 

0.143 

BR  1  2-1 

(0/446/90) 

0.119 

-2 

(GMB/BO) 

0.119 

6 

3.061 

- 

0.82A 

3 

<0/446/901 

0.119 

B 

4,216 

1.969 

0.B2 

BR1-3-1 

(0/445/0/90) 

0.145 

B 

2.410 

2,107 

0.23 

-2 

(0/+4 6/0/90) 

0.145 

e 

— 

- 

0.80 A 

3 

(Q/+46/D/90) 

0.146 

BR1-4-1 

(0/90) 

0.098 

e 

1,960 

3,610 

1.20A 

•2 

(0/90) 

0.096 

-3 

(0/90) 

0.09B 

e 

810 

0.46B 

BR1-6-1 

707M8 

0.100 

-2 

7076-TB 

0.100 

•3 

7076-TB 

0.100 

6 

2,964 

- 

0.2 

BR1-6-1 

707MB 

0.063 

6 

2,722 

1,994 

0.68 

-2 

7076-T6 

0.063 

B 

3,468 

1,941 

1.09A 

-3 

7076-TB 

0.063 

BR1-7-1 

(02/445/90) 

0.062 

6 

— 

1,396 

0.688 

•2 

(02/446/90) 

0.062 

10 

1,106 

3 

(02/446/90) 

0.062 

6 

~ 

3,124 

1.978 

BR1-8-1 

(0/4452/90) 

0.077 

6 

_ 

3,180 

0.918 

-2 

(0/4463/90) 

0.077 

10 

- 

603 

3 

(0/4463/90) 

0.077 

6 

4,400 

4,300 

1.18A 

BR1-9-1 

7076-T6 

0.040 

B 

_ 

1,582 

MSA 

2 

7076-TB 

0.040 

10 

771 

623 

0.88 

3 

707M8 

0.040 

10 

- 

1,710 

1.30 

A  -  pimed  peak  deflection 
B  *  pend  fractured 


Figure  2-1 16.  Photographs  of  Graphite/Epoxy  Panels  After  Blast  Exposure 
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Figures  2-117  to  2-120  show  measured  and  predicted  panel  deflections  including  failure  points,  and  Table  2-24 
summarizes  failure  results  compared  with  BR-  1FC  predicted  failures.  Considering  the  variables  involved  in  this  type 
of  testing,  BR-1FC  predictions  show  good  agreement  with  the  test  results. 
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Table  2-24.  Correlation  of  Blmt  Panel  Failures  with  Predictions 


P*r*d 

T«t  mull 

BB*IFC  prediction 

8R1-2- 

8R1J- 

BR1-4-1.2 

BR  1-7-1 ,3 

BR1-C-1.3 

No  visible 

No  visible  demage 

Cracks,  some  fibers  broken 

Blown  out  of  frame 

Many  fibers  broken 

Small  number  of  matrix  failures  predicted 

No  failures  predicted 

Many  matrix  failures,  small  number  of  fiber  failure 

Many  station  failures,  node  failure 

Many  fiber  failures,  2  station  failures 

Mat.  ix  failure  “  T ransvam  or  ihaar  failure  in  a  layar 
Fibar  failure  “  Fibat  fracture  in  a  layar 
Ttation  failure  ■  Inability  of  laminata  to  carry  load  at 
ana  of  th*  nina  atationa  in  tha  plata 
Nod*  failure  “  At  laatt  tnraa  nation  falluraa  in  all  aiamanta 
connacting  to  a  noda 


Application  of  BR-1FC  to  Full-Scale  Structural  Configuration.  The  BR1  code  family  is  ideally  suited  to  assessing  the 
damage  and  residual  strength  capability  of  full-scale  structure.  The  BR-1FC  code  was  used  in  a  further  step  in  the 
verification  of  the  codes.  A  section  of  the  three-spar  wing  test  box  described  in  Ref.  2-12  was  modeled  using  the 
BR-1FC  and  BR-2  (fragment  damage)  codes.  This  graphite/epoxy  box,  shown  in  Figure  2-121,  was  tested  by  loading 
to  40- percent  limit  bending  load  and  shooting  with  a  HEI  projectile.  The  ultimate  strength  ol  the  damaged  box  was 
determined  following  the  shot. 

The  section  of  the  box  modeled  with  BR-  1FC  is  shown  in  Figure  2- 122.  The  box  design  consists  of  +45  graphite  fabric 
skin  with  spar  chords  of  0-degree  graphite  tape  encapsulated  in  +45  fabric.  Glass  fabric  stiffeners  are  used  between 
spars  to  support  the  skin  and  feed  the  blast  pressure  loads  into  the  ribs.  The  BR-1FC  model  of  the  box  consists  of  72 
nodes,  60  plates  and  36  beams.  Only  the  exit  skin  was  modeled,  since  the  damage  to  the  entrance  skin  is  almost 
entirely  due  to  fragment  effects.  Figure  2- 123  shows  the  predicted  nodal  deflections. 


TON 

_ j 

j  i 

i  i  ij 

LJVI 

■  ! 

i  Hi 

■fii 


Figure  2 - 12 1.  Full-Scale  Graphite /Epoxy  Wing-Box  Component  Assembly 


Figure  2- 123.  Nodal  Deflection  Predictions 
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2.2.2.2.3 .2  Finite  Difference  Analysis 

Typical  of  the  finite-difference  analysis  methods  for  blast  response  are  those  developed  by  MIT  beginning  in  the  early 
1960's.  These  programs  and  their  derivatives  (References  2-38,  2-52,  2-66,  2-96)  have  been  used  extensively  for 
predicting  the  response  of  beams,  rings,  plates,  and  shells  to  blast,  and  there  is  considerable  experimental 
verification.  The  technique  is  a  straightforward  application  of  finite-difference  methods,  and  is  available  to  all 
users. 

These  computer  codes  provide  for  material  behavior  through  the  specification  of  one  of  several  "STRESS" 
subroutines.  The  three  subroutines  most  commonly  used  ares 

1.  The  elastic,  perfectly  plastic  model  (EL-PP); 

2.  The  elastic,  strain-hardening  model  (EL-SH); 

3.  The  elastic,  strain-hardening,  strain-rate-dependent  model  (EL-SH-SR). 

The  (EL-SH-SR)  material  code  uses  a  power  law  dependency  of  flow  stress  on  strain  rate.  In  all  cases,  provision  for 
unloading  exists.  For  biaxial  stress  states,  the  von  Mises  yield  criterion  is  used  along  with  the  associated  flow  rule 
for  plane  stress.  In  application,  the  panel  to  be  analyzed  is  divided  conceptually  into  a  number  of  layers  in  the 
thickness  direction.  This  division  into  layers  allows  a  stress  gradient  in  the  thickness  direction.  The  stresses  in  each 
layer  are  considered  constant,  and  are  obtained  from  the  strains  at  mid-thickness.  Internal  forces  are  calculated  by  a 
through- the- thickness  summation  rather  than  the  usual  integration. 

Although  the  finite-difference  programs  provide  a  very  useful  tool  for  analyzing  structural  response  to  blast,  they 
have  two  limitations: 

1.  Finite-difference  techniqjes  generally  are  unsuitable  for  analyzing  complex,  built-up  structure  such  as 
frequently  found  in  aircraft  application.  Finite  element  analysis  is  more  appropriate  for  this  application. 

2.  Finite-difference  techniques  are  inconvenient  for  parametric  and  configuration  studies,  in  that  considerable 
labor  is  required  to  alter  loadings,  boundary  conditions,  and  structure. 

2.2.2.2.3.3  Dynamic  Plate  Analysis 

Important  contributions  to  the  undei  standing  of  the  response  of  structure  to  transient  pressure  loadings  of  large 
amplitude  have  been  made  using  dynamic  plate  models  such  as  developed  by  Haskell,  Massmann,  Ankeney  (Refs.  2-54, 
2-70,  and  2-33)  and  others.  These  models  address  the  dynamic  response  of  a  single  structural  element,  namely  a 
plate  with  tractable  boundary  conditions  such  as  simply  supported  or  clamped  edges.  The  advantage  of  this  approach 
is  that  it  can  provide  good  analytic  simulation  of  certain  structural  configurations,  particularly  skin  panels,  and  this 
can  often  be  done  in  terms  of  explicit  mathematical  equations  containing  the  significant  design  parameters.  In  other 
words,  many  good  results  may  be  obtained  rapidly  and  inexpensively. 

Certain  requirements  must  usually  be  met,  however,  in  order  to  achieve  useful  analytical  validity,  including: 

a.  Bending  and  membrane  response: 

b.  Preferably  finite  deflection  capability; 

C.  Appropriate  material  response  characterization  extending  into  the  plastic  deformation  regime  (for  metals). 
Elastic-perfectly  plastic  or  elastic-linear  plastic  response  may  be  appropriate.  In  many  materials  .he  elastic 
deformation  may  be  negligible  and  rigid-plastic  response  can  be  applied. 

An  approach  wi\ich  greatly  enhances  the  credibility  of  dynamic  plate  analytical  models  is  to  correlate  them  with 
more  comprehensive  analysis  methods  such  as  the  finite  element  techniques  (bR-1,  MARC,  for  example).  Following 
this  correlation  (even  calibration),  the  simple  model  can  be  used  to  good  advantage  in  lieu  of  the  more  expensive 
approach,  provided  the  simulation  capability  of  the  plate  representation  is  not  exceeded. 

Massmann  (Ref.  2-70)  has  shown  good  correlation  between  the  predictions  of  a  dynamic  plate  analysis  and  the  MARC 
finite  element  computer  code.  The  plate  analysis  applies  elastic-perfectly  plastic  material  behavior,  and  the  dynamic 
response  of  the  plate  is  represented  by  a  one- dimensional  spring-mass  system  incorporating  two  non-linear  springs. 
The  stiffness  of  one  of  the  springs  simulates  elastic-perfectly  plastic  plate  bending,  and  the  stiffness  of  the  other 
spring  describes  elastic-perfectly  plastic  membrane  response  of  a  thin  plate  undergoing  large  deflections.  For  square 
plates  with  clamped  edges,  loaded  by  a  transient  pressure  pulse  applied  uniformly  to  the  surface  of  the  plate, 
predicted  maximum  deflections  were  within  10-percent  of  predictions  obtained  using  MARC  finite  element  analysis. 

The  dynamic  plate  model  eveloped  by  Haskell  is  well-documented  in  Ref.  3-54,  including  verification  of  stra'n 
predictions  by  testing  instrumented  panels,  using  explosive  charges. 

2.2.2. 2. 3.4  Equivalent  Static  Load  Method  of  Analysis 

The  equivalent  static  load  method  consists  of  analytically  converting  the  dynamic  overpressure  loading  into  a  static 
load  that  will  cause  the  san  e  deflection  of  the  structural  element.  This  conversion  typically  involves  simulating  the 
dynamic  response  of  ,h“  element  by  a  one-dimensional  spring-mass  system  having  the  same  natural  frequency  as  the 
element,  as  indicated  previously  in  Section  2.2.2 .2.2.  Once  determined,  the  equivalent  static  load  is  used  to  calculate 
stresses  using  routine  stress  analyses  methods.  The  equivalent  static  load  method  is  widely  used  in  dynamic  structural 
analysis  because  it  provides  a  useful  correlation  between  static  and  dynamic  capability. 

For  first-cut  approximations,  the  two  overpressure  components  of  an  internal  detonation,  shock  and  confined  gas,  can 
be  separately  converted  into  equivalent  static  pressures,  and  their  sum  used  as  the  total  equivalent  static  pressure 
acting  on  the  structure.  The  equivalent  load  method  can  be  summarized  as  follows: 

a.  Determine  fundamental  natural  period  of  free  vibration  of  the  structural  element  being  analyzed; 

b.  Determine  equivalent  triangular  pressure  pulse  corresponding  to  reflected  shock  overpressure.  The  e univalent 
triangular  pressure  puilse  has  the  same  impuiise  as  the  actual  pressure  pulse; 

c.  Determine  equivalent  static  pressure  loading  for  shock  overpressure; 
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d.  Determine  ec^iivalent  triangular  pressure  pulse  corresponding  to  confined  gas  pressure) 

e.  Determine  ec^jivalent  static  pressure  loading  for  confined  gas  pressure; 

f .  Add  the  results  of  c)  and  e),  forming  the  resultant  equivalent  static  pre'  ore  loading; 

g.  Calculate  corresponding  stresses. 


Calculation  Steps  for  Equivalent  Load  Method 


1.  The  first  step  in  developing  the  equivalent  loading  is  to  determine  the  natiral  period,  T,  of  the  structural 
element.  Many  closed  form  analytic  solutions  for  the  natural  modes  of  vibration  of  plates  are  available. 


The  expressions  for  natural  period  of  vibration  from  Reference  2-42  have  been  evaluated  for  aliminum  plates 
and  Q/+45/90  and  +45  graphite/epoxy  laminates.  Results  are  given  in  Figures  2-124  through  2-135.  The 
corresponding  et^iations  and  terminology  are  shown  in  Figure  2-136,  with  elastic  properties  for  some  selected 
laminates  given  in  Table  2-25.  Table  2-26  gives  constants  required  for  the  natural  period  calculations. 

2.  The  next  step  is  to  determine  the  pulse  duration  and  the  equivalent  triangular  pulse  pressure  corresponding  to  the 
reflected  shock  overpressure.  The  pulse  duration  is  a  function  of  explosive  type  and  quar-  ty,  and  the  distance 
between  the  center  of  detonation  and  the  structural  element.  The  equivalent  triangulai  ressure,  howe  'er,  is 
also  a  function  of  the  angle  of  incidence  of  the  shock  front.fi,  defined  as  the  angle  between  a  tangent  to  the 
shock  front  and  the  structural  plane. 

Figures  2-98  through  2-112,  shown  previously,  present  curves  for  several  threats  and  detonation  altitudes  giving 
the  pressure  pulse  time  duration,  t<j*  the  incident  overpressure,  Pp  and  the  peak  pressure  of  the  equivalent 
triangular  pulse  for  a  normal  shock  impingement  (  fi  -  0),  plotted  as  functions  of  distance  from  detonation.  If 
the  shock  angle  of  incidence  g  is  zero,  then  P^  can  be  used  directly.  If  g  is  not  equal  to  aero,  P^  must  be 
adjusted.  This  is  done  as  follows: 

a.  Find  P^and  Pj  on  Figures  2-98  or  2-99. 

b.  Go  to  Figure  2-100  and  find  the  reflection  coefficient, 7),  corresponding  to  the  angle  of  incidence,  g,  and  the 
incident  pressure,  Pj. 

c.  The  adjusted  P^is  given  by: 

pArnPAo 

The  adjusted  shock  overpressure  can  now  be  used  with  tq  in  Step  4. 

3.  The  third  step  is  to  determine  the  equivalent  triangular  pulse  for  the  confined  gas  pressure.  The  peak  confined 
gas  pressure  and  the  time  duration  of  the  pulse  varies  with  explosive  quantity,  altitude,  cell  size,  the  amount  of 
venting  area  relative  to  the  cell  size.  The  venting  area  includes  openings  inherent  in  the  structure  plus  any  cell 
wall  area  removed  by  projectile  detonation  and  fragmentation. 

The  confined  gas  peak  pressure,  Pcg>  *or  a  totally  confined  explosion,  can  be  read  from  the  curves  in  Figure  2- 
102.  The  pulse  duration  is  found  from  Figure  2-103,  by  reading  the  time  required  for  the  pressure  in  the  cell  to 
return  to  ambient.  This  pulse  duration  depends  on  the  ratio  of  vent  area  to  cell  volume  for  the  given  cell  size. 

4.  The  last  two  steps  resulted  in  values  for  the  peak  overpressure  and  time  duration  of  the  equivalent  triangular 
pulses  for  the  shock  overpressure  and  confined  gas  overpressure.  Step  one  resulted  in  a  value'  for  the  natural 
period  of  vibration  of  the  structural  element.  These  values  can  now  be  used  in  Figure  2-137  to  determine  the 
equivalent  static  pressure  loading.  The  curve  is  used  separately  for  shock  and  confined  gas,  then  the  equivalent 
static  loads  are  added  to  get  the  total  equivalent  static  load  acting  on  the  structure. 

For  many  cases  of  practical  interest,  the  confined  gas  pressure  is  of  long  duration  relative  to  the  natural  period 
of  the  structure.  The  result  is  that  the  structure  perceives  the  residual  gases  as  a  "step"  pressure  loading.  The 
ratio  Pstatic/pA  8reafer  than  1)  for  these  long  duration  pulses. 

When  using  Figure  2-137,  it  is  useful  to  note  that  fiber  composite  laminates  containing  0-degree  fibers  have 
essentially  elastic  deformation  to  failure,  so  a  ductility  ratio  of  unity  applies  for  these  laminates. 


LAMINATE  THICKNESS  (Mehwl 

LAMINATE  THICKNESS  i'mche«) 

„  toms,  Graphile/Epoxy.  0/± 45/90,  Simp*  Support*  Figure  2-125.  Neture!  Period*.  GrephiteJBpoxy.  0/i*S/90. 
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Figure  2- 126.  Natural  Periods,  Graphite/Epoxy,  0j/±4S/90,  limply  Supported  Figure  2- 127.  Neturat  Periods,  Graphite/Epoxy,  0 /M5/90.  Clamped 


LAMINATE  THICKNESS  (inches)  LAMINATE  THICKNESS  (inches) 

Figure  2-128.  Natural  Periods.  Graphite/Epoxy,  0/±4 S,  Simply  Supported  Figure  2-129.  Nature!  Periods,  Graphite/Epoxy,  0/+45.  Clamped 
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Table  2-25.  Clastic  Properties  of  Selected  Graphite/Epoxy  Laminates 
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able  2-26.  Coefficients  for  Natural  Period  Equations  (Ref.  2-421 
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(Curve  from  Ref  2-34) 


Figure  2- 137.  Equivalent  Static  Pressure  Developed  By  a  Triangular  Pressure  Pulse 


2.2.2.2.3.S  Critical  Impulse  Failure  Criteria 

An  interesting  dynamic  failure  criterion  is  presented  in  Reference  2-36  and  further  described  in  Reference  2-33. 
This  criterion  essentiaiy  states  that  structural  failure  under  transient  loadings  can  be  correlated  to  a  critical  impulse 
applied  for  a  critical  t  me  duration  where  the  latter  is  assumed  to  be  one-quarter  of  the  natural  period  of  free 
vibration  of  the  structure.  The  critical  impulse  can  be  expressed  as: 

Ic  =  (P/E)  *t  0y  (Eqn.  2-99) 


where 


E  =  elastic  modulus; 

P  =  mass  density  of  the  material; 
t  =  thickness; 

<7y  =  "dynamic"  yield  strength. 

In  applying  this  method  to  skin  panels  supported  by  transverse  and  longitudinal  members,  for  example,  one  first 
calculates  the  critical  impulse  and  natural  period  of  the  panel.  Incident  pressure  pulses  having  a  duration  of  one- 
quarter  of  the  natural  period  or  more,  having  an  impulse  at  least  equal  to  Ic>  will  cause  rupture  of  the  panel  at  the 
attachments. 

2.2.2.2.3.6  Empirical  Failure  Criteria  for  Components 

Failure  criteria  have  been  developed  by  detonating  explosive  charges  within  or  near  parked  aircraft.  The  result  of 
this  testing,  much  of  which  was  conducted  at  the  U.5.  Army  Ballistic  Research  Laboratory,  is  i  visual  assessment  and 
judgement  of  lethality.  In  other  words,  an  engineering  estimate  is  made  of  whether  or  rx  t  the  resulting  damage 
would  have  killed  a  flying  aircraft.  An  example  of  this  type  of  criteria  is  shown  in  Figure  2-138.  This  figure,  from 
Reference  2-7,  shows  estimated  kill  thresholds  for  typical  wing  and  fuselage  structure  resulting  from  internal 
detonations  of  bare  charges  of  TNT.  The  correlating  parameters  depend  primarily  on  skin  gage  and  volume  or  cross- 
section. 


.  (SKIN  GAGE)  X  (SPAN  SPACING)  x  (CHORD  HEIGHT), (IN.- 
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EXPLOSIVE  (WEIGHT  (LB  TNT) 
A)  WING  STRUCTURE 


B)  FUSELAGE  STRUCTURE 


Figun  2- 138  Int»m»l  Blut  Thrmhokl  Kill  Ltvli 
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2.2.3  Damage  From  Engine  Debris  Projectiles 

Non-contained  engine  failures  do  not  occur  very  often,  the  average  rate  in  commercial  service  has  been  less  than  one 
per  million  engine  hours  worldwide  in  recent  years  (Reference  2-43).  Further,  the  probability  of  this  once-per- 
million-hour  event  causing  an  aircraft  accident,  defined  as  a  penetration  of  fuselage  or  damage  to  wings  or  vital 
components,  has  proved  to  be  about  one  chance  in  8.5.  Figure  2-139  indicates  the  proportion  of  aircraft  accident 
sources  between  1954  and  1974,  indicating  that  97.296  of  all  aircraft  accidents  have  been  the  result  of  events  other 
than  non-contained  engine  failures. 

Nevertheless,  these  incidents  do  occur  and  must  be  addressed.  The  effects  of  uncontained  projectile  emanating  from 
an  engine  and  subsequently  striking  an  adjacent  portion  of  the  airframe,  can  be  assessed  in  the  same  manner  as  for 
nonexploding  military  projectiles.  There  is  an  important  distinction,  however,  in  that  theyengine  debris  projectile  is 
typically  an  irregular  fragment  (as  opposed  to  a  bullet),  behaving  more  like  a  warhead  fragment  or  the  fragments 
generated  from  a  high-explosive  projectile. 

2.2.3. 1  Description  of  Engine  Debris  Projectiles  (Extracted  From  Refs.  2-43  and  2-44) 

Rolls-Royce  (Reference  2-43)  has  made  available  tlte  results  of  a  study  on  non-containment  incidents  associated  with 
their  commercial  engines,  in  which  they  recorded  the  weights  of  fragments,  the  direction  of  release,  energy  and  size, 
wherever  such  information  could  be  obtained.  These  results  are  summarized  in  the  following  paragraphs. 

Weight  of  Fragment.  Figure  2-140  shows  the  weight  of  the  largest  fragment  released  in  each  incident  as  a  percentage 
of  the  bladed  disc  weight.  The  fragments  vary  from  part  of  a  blade  to  a  complete  disc.  The  incidents  categorized  as 
aircraft  accidents  are  indicated,  showing  that  complete  discs  are  less  likely  to  cause  a  problem  than  disc  fragments, 
but  fragments  of  any  size  are  capable  of  causing  unacceptable  damage  if  they  hit  certain  paFtspf  the  aircraft. 

Compressor  and  turbine  non-containment  are  indicated  on  the  plot  and  it  shows  that  only  turbine  discs  have  been 
released  complete,  probably  because  a  turbine  disc  has  easier  access  to  freedom  than  a  compressor  disc. 

Figure  2-141  gives  the  percentage  of  incidents  in  which  the  weight  of  the  largest  fragment  released  was  a  given 
percentage  of  the  bladed  disc  weight  or  less.  It  is  a  way  of  showing  the  reduction  in  the  number  of  non-contained 
failures  that  would  be  achieved  by  providing  an  ability  to  contain  an  increasing  weight  of  fragment.  For  example,  the 
ability  to  contain  a  fragment  weight  5%  of  the  bladed  disc  weight  would  have  prevented  56%  of  all  non-containments. 
If  the  former  figure  were  10%  we  would  have  prevented  72%  of  the  no  -containments.  Thereafter  the  gains  are  less 
spectacular. 
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When  a  fragment  strikes  the  inside  of  an  engine  casing  and  it  is  not  contained,  it  is  sometimes  deflected  on  its  way 
through  the  casing.  Figure  2-142  illustrates  the  effect  of  such  deflection  upon  the  subsequent  path  of  a  fragment. 
Since  the  point  of  penetration  of  the  casing  is  at  a  random  circumferential  position,  the  probability  of  an  aircraft 
item  in  line  with  a  disc  being  struck  by  a  fragment  is  unaffected  by  deflection  of  the  fragment  by  the  casing.  But  the 
axial  deflection  of  the  fragment  is  important  in  that  it  affects  the  axial  length  of  the  possible  impact  area  on  the 
aircraft. 

A  study  of  the  axial  deflection  of  debris  in  actual  incidents  produced  the  result  shown  in  Figure  2-143  where  axial 
deflection  is  plotted  against  weight  of  fragment.  It  shows  that  only  the  lighter  fragments  were  appreciably 
deflected,  the  maximum  deflection  being  +33  degrees  whereas  the  heavy  fragments  were  not  deflected  more  than  +5 
degrees. 

Thus,  the  situation  may  be  as  shown  on  Figure  2-144  where  a  pack  of  discs  creates  overlapping  fields  of  possible 
debris  distribution  so  that  any  protection  or  special  measures  taker,  bv  the  aircraft  designer  will  require  sensibly 
uniform  application  over  a  length  slightly  greater  than  the  length  of  the  rotor  pack,  tailing  off  to  zero  beyond  each 
end  of  the  rotor  as  shown  in  the  figure. 

Energy  of  Engine  Debris  Fragments  A  fragment  has  two  kinds  of  energy  when  it  leaves  an  engine,  see  Figure  2-145. 
It  has  kinetic  energy  along  its  flight  path  which  is  tangential  to  the  radius  described  by  its  center  of  gravity  when  it 
was  part  of  the  disc.  It  also  has  rotational  energy  about  its  own  center  of  gravity.  Experience  shows  that  for 
practiced  purposes  it  is  the  former,  i.e.,  its  translational  energy,  that  causes  the  real  damage  on  impact  and  this  is 
because  the  translational  energy  is  in  the  direction  of  the  impact  and,  for  realistic  fragments,  it  is  invariably  much 
greater  than  the  rotational  energy. 

Figure  2-145  also  shows  a  plot  of  disc  sector  size  against  its  translational  energy.  The  fragment  with  maximum 
translational  energy  is  a  disc  segment  subtending  an  angle  of  133.6  degrees.  An  unbroken  disc  has  no  translational 
energy  unless  it  picks  some  up  as  a  result  of  friction  developed  in  rubbing  against  static  parts  which  may  throw  it 
sideways  out  of  an  engine  with  a  relatively  low  velocity. 

The  energy  with  which  a  fragment  leaves  an  engine  is  less  than  its  initial  energy  because  it  expends  some  energy  in 
penetrating  the  engine  casing.  In  calculating  the  energy  of  an  emerging  fragment  a  proportion  of  the  amount  of 
energy  the  engine  casing  is  capable  of  containing  should  be  subtracted  from  the  initial  energy  of  the  fragment. 


PASSING  THROUGH  CASING 
Figure  2-142.  Debris  Spread 
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Figure  2-144.  Direction  end  Energy  of  Emerging  Debris 


Figure  2-145.  Definition  of  Fragment  With  Maximum  Energy 


138 


1 


To  determine  the  blade  containment  ability  of  a  casing,  Rolls-Royce  plotted  blade  energy  against  a  function  of  blade 
dimensions  and  casing  properties  for  all  known  cases  of  blade  release  including  experimental  tests  and  service 
experience.  The  result  is  shown  in  Figure  2- 146  where  contained  and  non-contained  failures  are  identified. 

Unfortunately,  the  behavior  of  a  casing  is  not  quite  as  straightforward  as  to  absorb  an  equal  amoixit  of  energy 
regardless  of  the  initial  energy  of  the  fragment.  In  containment  tests  a  fragment  with  an  energy  level  just  beyond 
the  containment  capabilities  of  a  casing  lost  90%  of  its  energy  in  passing  through  the  casing.  But  when  a  portion  of  a 
rotor,  comprising  four  blades  and  a  piece  of  disc,  was  released  from  a  rotor  rotating  inside  a  casing  designed  to 
contain  a  single  released  blade,  the  fragment  passed  through  the  casing  with  a  near-zero  loss  of  energy. 

That  some  energy  was  lost  was  shown  by  damage  and  distortion  to  the  casing  and  to  the  blades  in  the  fragment  but 
the  loss  was  too  small  to  be  measured  in  terms  of  fragment  velocity  before  and  after  penetration.  Evidently,  the 
casing  did  not  develop  its  full  containment  potential  when  subjected  to  loadings  far  beyond  its  capabilities. 

Further  containment  tests  are  in  progress  to  build-up  more  data  on  this  problem  and  to  establish  a  formula  for  the 
amount  of  energy  destroyed  in  a  range  of  fragments  when  they  pass  through  a  casing  of  known  blade  containment 
ability.  Meanwhile,  until  more  data  becomes  available  it  seems  reasonable  to  assui  e  that  the  loss  of  energy  varies 
from  100%  for  a  single  blade,  to  zero  for  the  4-blade  fragment  tested,  or  any  larger  fragment.  The  4-blade  fragment 
weighted  6.5%  of  the  weight  of  the  bladed  disc. 

There  is  an  additional  loss  of  energy  in  fragments  that  are  deflected  on  passing  through  the  casing.  The  amount  of 
this  loss  depends  upon  the  degree  of  deflection,  and  from  theoretical  considerations  and  practical  observations  the 
relationship  between  deflection  and  residual  energy  is  as  shown  in  Figure  2-147.  This  relationship  can  be  used  on 
calculating  the  possible  energy  of  deflected  fragments  in  the  forward  and  rearward  fields  covered  by  the  possible 
axial  spread  of  debris. 

Size  of  Engine  Debris  Fragments  The  maximum  dimensions  of  a  fragment  thrown  by  an  engine  is  important  in  terms 
of  the  probability  of  striking  a  given  vulnerable  item  of  the  aircraft.  Figure  2-148  shows  that  for  a  given  aircraft 
layout  the  larger  the  fragment  the  more  likely  it  is  to  strike  a  given  object.  The  chances  of  the  small  fragment 
striking  the  object  are  0j  in  360  degrees,  but  for  the  large  fragment  they  are  0-  in  360  degrees  and  clearly  the  larger 
the  fragment  the  greater  the  probability  of  a  strike. 


Figure  2-149  shows  actual  non-contained  failures  in  terms  of  the  arc  of  disc  released  against  percentage  of  incidents. 
These  results  can  be  used  for  calculating  the  probability  of  impact  of  fragments  of  various  sizes  upon  aircraft 
vulnerable  items  of  various  aircraft/ engine  arrangements.  The  results  for  turbines  and  compressors  are  shown 
separately  to  illustrate  that  compressors  have  tended  to  release  larger  arcs  of  disc  rim  than  turbines.  This  is  due  to 
factors  such  as  disc  proportions. 
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Figure  2 ■  146.  Blade  Containment  Criterion  Figure  2- 147.  Energy  After  Deflection  Versus  Angle  of  Deflection 
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2.2. 3.2  Enco inter  Parameters 

The  important  enoointer  parameters  that  must  be  defined  for  penetration  and  damage  assessment  are  identical  to 
those  needed  for  the  military  projectiles  previously  discussed:  striking  velocity,  angle  of  obliquity  and  attitude. 

Particular  emphasis  must  be  placed  upon  attitude,  however,  as  this  can  be  a  significant  factor  in  the  damage 
potential  of  fragments  having  a  high  ratio  of  length  to  diameter,  i.e.,  long,  flat  fragments  such  as  a  portion  of  a 
turbine  blade.  An  additional  consideration  is  the  rotatioal  energy  of  the  impacting  fragment,  as  this  can  be  a 
significant  factor  in  penetration  and  damage  potential. 

Encointer  conditions  for  engine  debris  analysis  can  be  predicted  with  greater  certainty  than  for  encounter  with 
military  projectiles  because  of  the  fixed  location  and  known  operating  characteristics  of  the  engine. 

2.2.3.3  Typical  Terminal  Effects 

As  with  all  fragment  impacts,  engine  debris  fragments  can  penetate  the  airframe  causing  damage  to  skin  and 
substructure,  and  may  penetrate  and  degrade  system  components.  The  potential  exists  for  ignition  of  fuel  or  injury  to 
passengers  or  crew.  ' 

Figure  2-150  from  Reference  2-44,  gives  an  indication  of  the  penetrating  capability  of  engine  debris  fragments,  based 
on  calculations  using  the  empirical  formula  shown  on  the  figure.  Fragment  energy  is  plotted  against  the  weight  of 
target  material  required  to  contain  the  fragment. 

To  emphasize  the  damage  potential  of  the  fragments,  typical  weights  of  heavy  wing  and  fuselage  surfaces  are 
indicated  on  the  diagram  giving  some  idea  of  their  respective  energy  absorbing  capabilities.  The  resulting  energies 
are  only  approximate  as  both  the  curves  am.  test  results  are  only  concerned  with  flat  plates.  The  stiffeners  of 
the  wing  and  fuselage  (included  in  the  weight  shown)  may  offer  appreciably  increased  energy  absorption  due  to  their 
depth. 

However,  this  does  not  alter  the  general  inference  of  Figure  2-150  which  is  that  even  two  or  three  layers  of  such 
structure  is  not  capable  of  stopping  the  smallest  of  the  three  debris  forms. 
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2.2.4  Hydrodynamic  Ram  Damage 

Hydrodynamic  ram  is  a  phenomenon  that  may  cause  extensive  structural  iailure  of  aircraft  fuel  cells  when  they  are 
subjected  to  ballis'ic  impact.  During  impact  and  penetration  of  the  fuel  cell,  intense  pressure  waves  are  generated 
within  the  licjjid  by  the  projectile.  The  response  of  the  fuel  cell  to  this  pressure  loading  varies  according  to  its 
construction.  For  example,  the  walls  of  an  integral  fuel  cell  are  formed  by  the  aircraft  skin,  which  is  usually 
constructed  of  high-strength,  metal  designed  to  withstand  normal  flight  loads.  This  type  of  structure  can  fail 
catastrophically  in  response  to  hydrodynamic  ram  pressure  loading  due  to  fracturing  of  the  walls  of  the  cell.  Self¬ 
sealing  fuel  cells  can  also  be  defeated  due  to  hydrodynamic  ram  by  gross  tearing  of  the  material  or  by  misalignment 
of  the  wound  edges,  thereby  defeating  the  self-sealing  process.  Both  of  these  effects  become  increasingly  severe  as 
fuel  cells  become  smaller,  or  projectile  kinetic  energies  increase. 

Fuel-cell  failure  can  lead  to  numerous  modes  of  aircraft  kill.  One  particularly  effective  mode  is  fuel  starvation  from 
the  failure  of  a  cell  which  contains  a  large  proportion  of  the  total  fuel.  Other  possible  kill  modes  are  explosion  and 
fire,  ignited  by  an  incendiary  projectile  or  by  secondary  ignition  sources  within  the  aircraft.  In  addition,  the 
hydrodynamic  ram  pressure  pulse  can  directly  damage  critical  components,  such  as  pumps  and  valves  within  the  cell, 
or  it  can  indirectly  damage  components  that  lie  outside  of  and  adjacent  to  the  cell  walls. 

At  present  there  are  no  analysis  models  that  can  predict  the  extent  of  hydrodynamic  ram  damage  uider  general 
conditions.  Damage  size  cannot  be  predicted  in  the  manner  defined  in  the  previous  sections  for  air-backed  panels. 
However,  development  programs  are  underway  to  acquire  this  capability. 

Lundstrom  of  NWC  has  developed  an  analysis  method  to  predict  hydrodynamic  ram  pressures  generated  by  small  arms 
ammunition.  Reference  2-45  describes  the  analysis,  and  a  computer  code  is  available.  The  analysis  method  is  based 
on  the  conversion  of  projectile  kinetic  energy  to  pressure  field  energy  and  includes  the  effects  of  reflections  from  the 
tank  walls.  In  addition,  pressure  prediction  analysis  methods  are  reported  in  Reference  2-45.  The  remainder  of  this 
section  discusses  hydrodynamic  ram  from  a  qualitative  standpoint,  with  a  description  of  hydrodynamic  ram 
phenomenology,  followed  by  a  summary  of  available  analyses. 

2.2.4  I  Hydrodynamic  Ram  Loadings  and  Response 

Figure  2-151  is  a  schematic  representation  of  the  events  leading  to  hydrodynamic  ram  structural  damage.  Figure 
2- 1  52  is  a  failure-mode  diagram  corresponding  to  these  events.  A  detailed  description  of  ram  phenomenology  is  given 
in  Section  2.2. 4. 2. 

Figure  2-15?  shows  typical  pressure  measurements  at  various  distances  downstream  from  the  entry  wall.  The 
projectile  was  a  3/8-inch  steel  sphere  impacting  at  4,800  feet  per  second.  Figure  2-154  shows  the  variation  of 
damage  size  in  the  entry  wall  with  projectile  velocity.  The  entry  wall  was  a  monolithic  panel,  and  the  projectile  was 
a  3/8-inch  fragment  simulator.  The  step-function  response  in  damage  size  ;s  typical  for  entry  walls.  At  low  velocity, 
the  damage  is  a  simple  puncture  with  a  diameter  slightly  greater  than  the  projectile.  Above  a  certain  velocity  this 
minimal  damage  suddenly  jumps  to  spectacula  proportions.  The  response  of  the  exit  wall  to  projectile  velocity  is 
quite  different.  As  shown  in  Figure  2-155,  the  damage  increases  linearly  with  increasing  velocity. 

The  effect  of  tank  length  is  shown  in  Figure  2-156.  An  overkill  condition  occurred  until  the  length  of  the  tank  was 
greater  than  12  inches.  Beyond  this  length,  the  damage  decreased  in  a  fairly  linear  manner  with  increasing  length. 


ENTRY  WALL  PENETRATION 


TRAVERSE  AND  TUMBLE 


EXIT  WALL  PENETRATION 


DRAG  PRESSURE  PULSE 
CAVITY  OSCI LLATION  AND  DFCAY  DAMAGED  TANK 


Figura  2- 151  Schematic  of  Typical  Hydrodynamic  Ram  Events 
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Figure  2- 154.  Entry  Wtll  Damage  -  Fragment  Simulator 


Figure  2-155.  Exit  Wtll  Damage  -  Effect  of  Velocity  -  Fragment  Simulator 


Figure  2-156.  Effect  of  Tank  Length 

2.2.4.2  Hydrodynamic  Ram  Phenomenology 

Since  design  models  are  not  yet  available  for  predicting  hydrodynamic  ram  damage  extent  in  structure,  it  is  relevant 
to  describe  in  some  detail  what  is  known  about  the  physics  of  hydrodynamic  ram.  Although  this  discussion  does  not 
answer  design  questions,  it  should  enable  the  designer  and  analyst  alike  to  better  understand  the  direction  of 
hydrodynamic  ram  research  and  analysis. 

2.2.4.?. 1  ShockWaves 

The  sudden  impact  and  penetration  of  the  projectile  generates  a  shock  front  in  the  fluid  about  the  impact  point.  The 
shock  front  propagates  away  from  the  impact  point  in  a  somewhat  hemispherical  shape  and  its  strength  diminishes 
rapidly  as  it  travels  ^observations  indicate  that  the  peak  pressure  at  the  front  decays  more  rapidly  transversely,  ie., 
along  the  wall,  than  in  the  fluid).  This  event  is  termed  the  "shock  phase".  It  is  a  short-duration  effect  resulting  in 
the  application  of  an  impulsive  pressure  load  to  the  penetrator-damaged  entry  wall.  This  impulsive  load  can  cause 
extensive  entry  wall  damage. 

2.2.4.2.2  Drag  Presstre 

As  the  penetrator  travels  in  the  fluid,  its  velocity  is  reduced  by  fluid  drag  pressures,  often  augmented  by  the  tumbling 
of  the  projectile.  The  fluid  acquires  a  radial  velocity  at  the  projectile/ fluid  interface,  typically  forming  a  "cavity"  as 
shown  in  Figure  2-157.  The  dissipating  kinetic  energy  of  the  projectile  appears  as  a  transient  pressure  pulse  in  the 
fluid,  as  indicated  in  Figure  2-158.  This  "fluid  drag"  phase  is  of  longer  duration  than  the  shock  phase,  and  less 
localized,  creating  a  complex  pressure  field  within  the  fluid,  including  reflections  from  the  tank  walls.  Extensive 
structural  damage  can  be  done  by  the  drag-induced  pressures,  particularly  at  exit  walls  which  may  become 
prestressed  by  the  fluid  pressure  prior  to  the  arrival  of  the  projectile.  Figure  2-159  shows  typical  drag-phase 
hydrodynamic  ram  damage  in  thin  gage  aluminum  web  structure,  and  Figure  2-1F0  shows  hydrodynamic  ram  damage 
in  graphite/epoxy  wing  structure  induced  by  an  HEl  superqjick  projectile. 


PRESSURE  (BARS) 
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Figure  2-1 57.  Photograph  of  Cavity  Formation  Behind  Tumbling 
14.5-mm  API  in  Water-Filled  Tank 


T'ME  (MSEC) 

(t  -  0  i>  Adjusted  to  beginning  of  pulse.) 


Figure  2- 158.  Typical  Drag-Phase  Pressure  Pulses 


Figure  2- 159.  Hydraulic  Ram  Damage  in  Wing  Structure 


Figure  2-160.  Hydraulic  Ram  Entry  Damage  in  Graphiie-Giass/Epoxy  Wing-Box  Structure 


2.2.4.2.3  Fluid/Structure  Interaction 

The  pressure  waves  described  above  travel  through  the  fluid  and  ultimately  impinges  on  fluid/structural  interfaces, 
namely  the  tank  walls.  This  situation  is  shown  schematically  in  Figure  2-161,  showing  an  oblique  planar  wave  for  ease 
of  graphical  presentation.  The  incident  wave  generated  by  a  source  within  the  fluid  has  travelled  through  Region], 
and  the  fluid  in  Region  1  has  acquired  corresponding  pressure  increases  and  particle  velocity.  The  fluid  in  Region  II, 
ahead  of  the  incident  wave  front  is  undisturbed. 


Region  III  demonstrates  the  area  of  fluid/ structure  interaction.  The  incident  wave  has  impinged  on  the  wall,  and  a 
reflected  wave  has  been  generated  at  the  wall  surface  and  is  travelling  back  through  the  fluid  initially  set  in  motion 
by  the  incident  wave.  Thus,  the  pressure  at  the  wall  results  from  the  effects  of  superimposing  an  incident  and 
reflected  pressure  wave.  Neglecting  cavitation  effects,  the  component  of  the  fluid  velocity  normal  to  the  wall 
surface  must  equal  the  normal  component  of  the  wall  velocity.  Thus,  the  motion  of  the  fluid  and  the  wall  are 
"coupled,"  so  that  the  pressure  "felt"  by  the  wall  depends  on  wall  motion  as  well  as  incident  conditions. 


PRESSURE  i 
SOURCE 


REGION  I 


wall  motion 


Figure  2-161.  interaction  Between  Tank  Wall  and  Fluid  Pressure  Pulse 
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2.2. 4.2. 4  Structural  Response  and  Failire 


From  the  structural  standpoint,  hydrodynamic  ram  generates  high-intensity,  transient  internal  pressure  loads  on  the 
fuel  tank  walls,  which  are  typically  skin  panels,  spar  webs,  and  rib  webs  for  integral  tanks.  Figure  2-162  shows  a 
typical  projectile  impact  into  a  wing  cell  containing  fuel,  using  a  multi-rib  wing-box  configuration  as  an  example.  It  is 
assumed  that  the  tank  is  completely  full.  The  projectile  has  entered  from  above,  penetrating  the  upper  surface, 
traversing  the  liquid  fuel  and  emerging  from  the  lower  wing  cover. 

The  entire  cell  will  experience  ram  generated  incident  pressures,  and  these  will  be  most  intense  near  the  trajectory 
of  the  projectile.  The  effective  pressure  loads  depend  on  the  time-duration  of  the  pressure  application  relative  to  the 
natural  period  of  the  structural  deformation  modes,  and  the  ratio  of  elastic- to- plastic  response.  As  mentioned 
previously,  the  effective  pressure  loadings  from  typical  threat  encounters  are  sufficient  to  cause  massive  structural 
failure  by  deformation  and  rupture  in  certain  configurations. 

It  is  convenient  to  address  the  structural  response  of  the  entry  wall,  the  exit  wall,  and  the  side  walls: 


1.  Entry  wall  (the  upper  wing  skin  in  the  example  in  Figure  2- 162) 

Prior  to  impact,  the  entry  wall  is  stressed  by  operational  loading  conditions,  which  may  include  internal  pressure. 
The  projectile  penetrates  the  wall,  imposing  a  ballistic  damage.  The  shock  pressure  generated  in  the  fluid  loads 
the  damaged  wall  immediately,  supplemented  by  drag-phase  pressure  loadings  as  the  projectile  loses  kinetic 
energy  in  the  fluid.  The  combined  effects  of  the  ram  pressures,  the  operational  loads,  and  the  damage  can 
induce  failure  by  several  potential  mechanisms: 

a.  Compression  (instability)  failure  can  occur  due  to  a  combination  of  compression  end-loads  (flight  loadings) 
and  the  transverse  loadings  induced  by  ram. 

b.  Tension  failure  can  occur  in  response  to  ram-induced  membrane  and  bending  stresses  combined  with  flight- 
induced  stresses,  leading  to  rupture.  In  particular,  membrane  stresses  combined  with  transverse  pressure 
represent  a  severe  loading  condition  for  fracture  failure  initiating  from  the  ballistic  damage,  because  the 
transverse  pressure  increases  the  stress-intensity  at  the  damage.  The  severity  of  this  effect  increases  as 
the  curvature  of  the  wall  increases  during  deformation. 

2.  Exit  Wall  (the  lower  wing  skin  in  the  example  in  Figure  2- 162) 

The  exit  wall  is  also  stressed  by  operational  loads  prior  to  impact,  but  it  is  additionally  stressed  by  ram  pressures 
before  penetration.  Analysis  has  indicated  (Ref.  2-53)  that  these  ram-induced  pre-penetrat;on  stresses  can  be 
large,  and  the  effects  of  pre-load  at  impact  are  certainly  of  significance.  The  exit  wall  must  be  regarded  as  a 
pre-stressed,  pre-deformed  surface  at  the  time  of  projectile  impact.  Of  course,  it  is  possible  that  the  exit  wall  is 
never  penetrated,  because  of  trajectory  alteration  within  the  fluid. 

With  the  added  emphasis  on  pre-impact  stress/deformation,  exit  wall  failure  modes  are  qualitatively  similar  to 
those  of  the  entry-  wall.  Quantitatively,  however,  the  exit  wall  is  less  influenced  by  the  shock  phase  ram- 
pressures  and  more  influenced  by  the  drag-phase  pressures,  particularly  with  tumbling  projectiles. 

3.  Side  Walls  (the  rib  and  spar  webs  in  the  example  in  Figure  2-162) 

Side  walls  are  primarily  exposed  to  the  drag-phase  pressures,  which  can  be  very  intense  for  walls  near  the 
trajectory.  Side  walls  are  not  penetrated,  so  they  do  not  contain  ballistic  damage.  Primary  failure  mechanisms 
are  excessive  deformation  and  rupture. 


ENTRY 


ENTRY  WALL 


EXIT  WALL 


SIDE  WALLS 


•  Ballistic  damage 

•  Shock  and  drag 
pressure  loading 


•  Ram  pressure  loading  •  Ram  pressure  loading 

•  Ballistic  damage 

•  Continued  ram  loading 


Figure  2-162.  Hydrodynamic  Rem  Damage  Mechanisms  for  Typical  Integral  Tank 
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2.2.4.3  Status  of  Hydrodynamic  Ram  Analysis 

This  section  describes  the  analysis  methodologies  required  to  predict  damage  from  hydrodynamic  ram.  The  elements 
of  the  required  analysis  are  shown  in  Figure  2-163,  borrowed  from  Reference  2-45.  consisting  of: 

1.  Trajectory  analysis, 

2.  Fluid  (soiree)  pressure  analysis, 

3.  Fluid/ structure  interaction, 

4.  Structural  response  and  failure. 

The  trajectory  analysis  tracks  the  location  and  dynamics  of  the  projectile  traveling  in  the  fluid.  The  fluid  presstre 
analysis  defines  the  pressure-time  history  at  selected  points  within  the  fluid.  The  fluid/structure  interaction  relates 
the  pressure  acting  on  the  structure  to  the  incident  source  pressure  and  the  motion  of  the  struct  ire,  and  defines  the 
resulting  deflection,  and  stress/strain  history  of  the  wall.  Structural  response  and  failure  criteria  predict  wall  failure 
in  terms  of  the  deflections,  stresses,  and  imposed  ballistic  damage.  The  following  paragraphs  summarize  certain  key 
developments  pertaining  to  the  overall  analysis  of  hydrodynamic  ram  structural  damage  and  some  of  these  are 
detailed  in  the  following  subsections.  The  Naval  Weapons  Center  (NWC)  developed  the  basic  trajectory  analysis  and 
drag-phase  soiree  pressure  prediction  theory  (Ref.  2-45),  which  was  published  in  1971.  This  was  followed  by  their 
release  of  the  NWC  Hydraulic  Ram  Program  Version  One  (HRP-V1),  a  computer  code  which  uses  the  developed  theory 
to  predict  drag-phase  pressures  generated  by  a  penetrator,  and  accounts  for  the  influence  of  projectile  tumbling.  The 
NWC  Hydraulic  Ram  Program  (Version  One)  does  not  predict  pressures  acting  on  the  fluid/structure  interfaces.  The 
method  of  images  used  to  establish  reflected  pressure  pulses  provides  good  prediction  of  reflection  effects  at  points 
within  the  fluid  away  from  the  wall,  but  the  wall  itself  can  only  be  rigid,  transmissive,  or  a  free-surface. 

Dr.  Ball  of  the  Naval  Post-Graduate  School  applied  BR-1  (Ref.  2-13)  to  predict  structural  response  to  hydrodynamic 
ram  pressures,  by  modifying  the  code  to  accommodate  the  “piston  theory"  approach  for  fluid/structure  coupling.  The 
modified  code,  designated  BR-1HR,  accepts  source  pressure-time  histories  from  the  NWC  HRP-V1.  The  HRP-V1 
code  is  run  first  to  develop  the  incident  pressures  at  the  wall,  which  are  then  manually  input  to  BR-1  HR,  which 
develops  wall  pressures  at  the  nodes  of  the  finite  element  model.  Wall  deflections  predicted  by  BR-1HR  have  been 
much  less  than  observed  experimentally,  and  it  is  generally  agreed  that  piston  theory  is  an  inadequate  representation 
of  fluid/structure  coupling. 

NWC  returned  to  the  problem  of  fluid/structure  coupling  and  developed  the  variable  image  methodology  (Ref.  2-46). 
This  method  alleviates  some  of  the  planar  assumptions  associated  with  piston  theory,  and  provides  a  more  accurate 
and  versatile  fluid/structure  coupling  model.  Variable  image  coupling  was  combined  with  a  small  deflection,  linear 
elastic,  dynamic  plate  structural  model,  to  formulate  the  UHRSR  computer  code  (Ref.  2-47). 


FAILURE  PREDICTION  EXPERIMENTAL 

CORRELATION 


Figun  2- 163.  Methodology  for  Hydrodynamic  Hem  Analysis  (fief.  2-46 ) 
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2.2.4.3.1  Trajectory  and  Fluid  Pressure  Analysis 

Drag  phase  pressures  are  caused  ny  deceleration  of  the  projectile  as  it  traverses  the  fluid.  E.  A.  Lundstrom 
(Ref.  2-45)  applied  the  classical  hydrodynamic  theory  of  a  travelling  object  in  a  perfect  fluid  to  predict  drag-phase 
pressures.  Hydrodynamic  ram  pressures  are  calculated  from  Bernoulli's  equation,  using  the  potential  function  for  a 
line  of  pressure  sources  along  the  trajectory  of  the  projectile.  The  strength  of  the  sources  is  calculated  from  the 
kinetic  energy  loss  of  the  projectile  in  travelling  incremental  distances  along  the  trajectory. 

Certain  aspects  of  the  problem,  such  as  proiectile  tumbling,  jacket-stripping,  and  cavity  dynamics,  required  empirical 
definition.  Extensive  testing  was  done  at  the  Naval  Weapons  Center  (NWC)  to  quantify  these  effects  and  incorporate 
the  results  into  the  fluid  pressure  prediction  analysis.  The  final  methodology  was  developed  into  a  computer  code  for 
rectangular  fluid-filled  tanks  impacted  by  single  penetrators.  Figure  2-164  shows  the  primary  elements  of  the  code, 
hereafter  referred  to  as  the  NWC  hydrodynamic  ram  program  or  the  HRP-V1  code.  The  code  includes  both  trajectory 
analysis  to  determine  the  strength  of  the  moving  sources,  and  the  solution  of  the  Bernoullis  equation  to  obtain  fluid 
pressures  and  velocities  throughout  the  tank.  A  mirror  image  of  the  line  of  sources  is  used.  A  brief  summary  of  the 
NWC  hydrodynamic  ram  program  is  given  below,  and  a  complete  development  is  available  in  Reference  2-48. 


Figure  2-164.  NWC  Hydraulic  Ram  Program  Version  One  (HRP-VV 


Three  primary  parameters  which  must  be  determined  in  order  to  calculate  fluid  pressure  caused  by  a  projectile 
traveling  a  tank  of  fluid  are  velocity,  rate  of  kinetic  energy  loss,  and  time  of  arrival  of  the  projectile  as  a  function  of 
distance  along  the  trajectory.  The  projectile  velocity  is  determined  by  Newton's  second  law: 


where 

m  -  projectile  mass, 

V  =  projectile  velocity, 
D  =  drag, 
t  =  time. 


(Eqn.  2-100) 


Drag  is  a  finction  of  the  projectile  velocity,  the  fluid  density,  and  the  size  and  orientation  of  the  projectile.  The 
time  at  which  the  projectile  starts  to  tumble  and  at  which  it  becomes  fully  tumbled  must  be  known.  Substituting  a 
function  for  drag  into  Equation  2-100  gives: 

dv  (Eqn.  2-101) 

8Vb 

where  6  is  called  the  velocity  decay  coefficient.  Because  of  the  tumbling  action  of  the  projectile  an  empirical 
function  was  developed  forB  .  Then,  Equation  2-101  was  integrated  to  give: 

-  3,  xb 

V.  =  V_  e 


(Eqn.  2-102) 


where 


Vb  =  velocity  at  x^, 
VQ  =  initial  velocity, 


xfa  =  position  of  the  projectile  along  the  trajectory. 

The  rate  of  kinetic  energy  loss  dut  to  the  velocity  decay  is: 

dE  u2  (Eqn.  2-103) 

drb  =  mBivb' 

where 

E  =  kinetic  energy, 
m  =  mass  of  the  projectile. 


The  stripping  of  the  projectile  jacket  causes  a  change  in  kinetic  energy.  An  approximation  fcr  the  energy  deposition 
due  to  stripping  is  used.  The  total  energy  deposition  is: 
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The  flow  field  is  described  by  a  potential  function  which  satisfies  the  wave  equation: 


7 


1  3  20 

c23t2 


(Eqn.  2-105) 


where  0  is  the  potential  function  and  c  is  the  speed  of  sound  in  the  fluid.  The  effect  of  the  projectile  and  cavity  on 
the  fluid  is  approximated  by  a  line  of  sources  along  the  projec.ile  path.  This  source  is  a  function  of  the  distance 
along  the  trajectory  and  the  retarded  time,  T  =  t  -  r/c  where  r  is  the  distance  between  the  source  point  and  the 
present  position  of  the  projectile.  The  strength  of  the  source  is  developed  by  a  conservation  of  energy  equation. 
Although  the  effect  of  the  cavity  is  contained  in  these  calculations,  the  absence  of  fluid  in  the  cavity  is  not 
accounted  for,  which  results  in  the  theory  being  invalid  during  cavity  collapse.  Therefore,  all  negative  pressures 
resulting  from  the  theory  should  be  set  to  zero.  Because  the  effect  of  the  walls  was  not  included  on  the  cavity  size 
calculations,  as  the  cavity  approaches  maximum  size  the  source  strength  becomes  increasingly  erratic.  Using  the 
conservation  of  energy  method  by  combining  the  work  done  by  difference  between  ambient  pressure  and  cavity 
pressure  and  the  energy  deposited  in  the  fluid  by  the  projectile,  the  total  differential  energy  is  calculated.  Due  to 
the  mathematical  difficulty  of  the  boundary  conditions  of  the  walls,  they  are  approximated  by  mirror  images  of  the 
line  sources  (Ref.  2-48). 


At  this  point,  with  some  mathematical  exercises,  all  the  terms  of  Bernoulli's  ecjjation  are  known,  so  that  pressure  can 
be  calculated  from: 


where: 


r  30  1  r  2 

P-Po=Sf?-2Cu 


(Eqn.  2-106) 


£  =  source  strength, 

0  =  potential  function, 

Po  =  ambient  pressure, 

u  -  fluid  velocity. 

The  fluid  pressures  generated  by  the  projectile  are  governed  by  Bernoulli's  equation,  but  the  limitations  of  the  theory 
should  be  remembered.  Since  the  effects  of  the  projectile  are  modeled  by  a  line  of  sources,  the  pressure  will 
approach  infinity  at  the  projectile.  Because  of  the  absence  of  fluid  in  the  cavity,  the  negative  pressures  generated  by 
the  theory  should  be  set  to  zero.  This  gives  the  assumption  of  bulk  cavitation  in  the  cavity. 


The  subroutines  used  by  the  HRP-V1  code,  diagrammed  in  Figure  2-164,  are  described  in  Figure  2-165.  NWC,  NPGS, 
UDR1  and  Boeing  have  all  made  comparisons  of  HRP-V1  pressure  predictions  with  test  data.  All  are  generally  in 
agreement  that  the  results  correlate  well.  The  following  are  results  from  a  Boeing  comparison  study  done  in  1977 
(Ref.  2-49). 

Test  data  on  hydrodynamic  ram  pressures  generated  by  small  arms  projectiles  was  available  from  previous  Boeing  test 
programs  (Ref.  2-50).  Figure  2-166  shows  the  hydrodynamic  ram  test  tank  in  the  Impact  Mechanics  Laboratory. 
High-speed  motion  pictures  were  made  with  two  10,000  frames/second  Hycam  cameras  with  time-calibrated  film. 
Pressures  were  measured  with  acceleration-compensated  quartz  transducers  Pressure  signals  were  conditioned  wit 
charge  amplifiers  and  displayed  on  oscilloscopes  using  a  fast-rise  preamplifier.  Velocities  were  computed  by  elapsed 
time  through  a  two  foot  segment  measured  from  the  entry  diaphragm. 

Figure  2-167  shows  the  correlation  of  the  predicted  peak  pressu-cs  with  the  experimental  results.  The  errors  were 
evaluated  and  the  root  mean  square  (rms)  found,  and  this  evaluation  demonstrated  good  correlation.  Naval  Weapons 
Center  did  a  rms  analysis  of  peak  pressures  and  impulse,  showing  a  similar  correlation  (Ref.  2-j1).  Figure  2-168 
shows  comparison  plots  of  pressure  vs.  time  curves  for  several  tests.  In  some  of  the  figures  a  time  shift  can  be  seen. 
This  is  probably  tlue  to  uncertainties  in  predicting  tumbling  behavior.  From  this  evaluation,  it  appeared  that  the 
program  can  predict  pressures  which  correlate  well  with  experimental  data. 


149 


ROUTINE 


DESCRIPTION 


MAIN  Calls  the  subroutines  necessary  to  generate  hydraulic  ram  induced 
pressure-time  curvet  <t  user  specified  points  within  t  body  of  flu  d. 


SUBROUTINE  Computet  the  coordinetet  of  the  projectile  entrance/exit 
point!  in  the  three-dimentionel  imege  volumei  with  retpect  to  the  ectuel 
volume  where  lower  front  corner  it  et  0,0,0. 


SUBROUTINE  Computet  the  following  quentitiet  et  e  function  of  hullet 
distencet  along  trajectory;  time  ot  bJlet  errival;  bullet  velocity;  maximum 
cavity  radiut;  time  of  cavity  collapse;  dreg  parameter  at  a  function  of  time 


SUBROUTINE  (Called  by  TRAJ) 

Computet  the  value  of  the  velocity  decay  parameters,  then  Integrates  the 
aquations  of  motion  to  obtain  bullet  velocity  at  a  function  of  time. 


SUBROUTINE  Computet;  Total  pressure  et  a  uier-toecifiad  point  at  e 
function  of  time;  pressure  due  to  the  time  derivative  of  the  velocity  poten¬ 
tial;  total  fluid  velocity  at  a  function  of  time;  and  x,  y  and  i  components 
of  fluid  velocity. 


SUBROUTINE  (Called  by  MIRROR)  Interpolates  the  following  quentitiet 
between  discrete  pointt  along  the  bullet  trajectory:  distance  and  velocity 
of  bullet  at  a  function  of  retarded  time;  radiut  of  attached  cavity  et  e 
function  of  retarded  time. 


SUBROUTINE  (Called  by  MIRROR)  Generate!  graphic  presentation 
of  the  total  pressure  versus  time  et  each  point  in  the  fluid  body  specified 
by  the  user. 


Figure  2-165.  Description  of  Routines  in  NWC  Hydraulic  Rem  Program  Version  One  ( HRP-V1 1 


Figure  2- 166.  Hydraulic  Rem  Teat  Tank.  Boeing  Impact  Mechanic*  Laboratory 
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Figure  2-167.  Correlation  of  NWC  Hydraulic  Ham  Program  Peak  Pressure  Prediction 
With  Boeing  Teat  Data 
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Figure  2-168.  Rasultu  of  Boeing  Study  to  Compare  NWC  HHP-  VI  Code  Predictions  With 
Available  Boeing  Data  on  Hydraulic  Ram  Pressures 


151 


2.2. *.3.2  Fluid/Structure  Coupling 

The  fluid  pressures  and  velocities  obtained  from  solutions  of  the  wave  equation  and  Bernoullis'  equation  as  described 
above  satisfy  boundary  conditions  at  the  projectile  and  cavity  surfaces  only,  and  not  at  the  tank  walls.  The  two 
boundary  conditions  at  a  wall/fluid  interface  are  (ignoring  cavitation): 


1.  The  fluid  pressure  equals  the  pressure  acting  on  the  wall, 

2.  The  component  of  fluid  velocity  normal  to  the  wall  surface  equals  the  normal  component  of  the  wall  velocity. 


In  order  to  predict  wall  loading  due  to  hydrodynamic  ram,  solutions  to  the  wave  equation  satisfying  these  conditions 
are  needed,  and  it  is  clear  from  the  nature  of  the  boundary  conditions  that  the  fluid  and  wall  motions  are  coupled. 
Lundstrom,  in  Reference  2-45,  applied  Kirchoffs  general  solution  of  the  wave  equation  to  outline  an  approach  for 
obtaining  wall  pressures.  However,  because  of  anticipated  computational  labor,  attention  has  been  directed  toward 
less  complex  coupling  models,  notably  piston  theory.  Piston  theory  assumes  that  the  reflected  wave  is  a  plane  wave 
propagating  parallel  to  the  wall  normail.  For  such  a  wave,  the  relationship  between  the  fluid  pressure  and  velocity 
behind  the  wave  is: 


Pr  =  -Pcurn’ 

where  p  is  the  fluid  mass  density  and  c  is  the  sonic  velocity, 
pressure  (p.),and  the  reflected  pressure: 

P  -  Pi  +  Pr 

=  pi  -  P c  urn 


(Eqn.  2-107) 

At  the  wall,  the  pressure  is  the  sum  of  the  incident 

(Eqn.  2-108) 


If  the  second  boundary  condition  above  is  written  as: 


U  =  U .  +  U  =  w  . 

n  in  rn  n’ 


so  that: 


Urn  =  wn  *  uin- 


then: 


p  -  p.  +  pc  <uin  -  *  ). 


(Eqn.  2-109) 


(Eqn.  2-110) 


(Eqn.  2-111) 


The  incident  fluid  pressure  and  normal  velocity  (u,n)  are  considered  to  be  known  from  the  solution  for  sources  within 
the  fluid  volume.  A  structural  response  mode!  is  now  required  to  complete  the  solution,  by  providing  the  link  between 
applied  pressure  and  wall  velocity. 

If  the  incident  wave  is  also  planar  and  traveling  parallel  to  the  wall  surface  normal,  Equation  2-111  becomes: 

p  =  2p.  -  pcwn  .  (Eqn.  2-112) 


2.2.*.3.3  Structural  Response  Analysis 

The  next  step  in  the  analytical  development  is  to  introduce  a  structural  model  to  predict  wall  motion,  stresses,  and 
failure  resulting  from  the  transient  hydrodynamic  ram  pressures.  The  structural  model  must  satisfy  a  dynamic 
elation  of  equilibrium  which  includes  the  fluid/ structure  coupling  terms  as  a  minimum  requirement.  In  addition,  in 
order  to  adequately  treat  the  problem,  the  structural  model  needs  large  deflection,  elastic/plastic  capability,  and 
analytical  sophistication  to  represent  the  boundary  conditions  of  multi-element  aircraft  structure.  In  the  course  of 
hydrodynamic  ram  analytical  development,  a  number  of  structural  models  have  been  used,  ranging  from  one¬ 
dimensional  harmonic  oscillators  to  the  BR-1  series  of  finite- element  computer  codes.  Experience  with  these  models 
has  resulted  in  increased  knowledge  and  further  definition  of  development  requirements  and  goals. 

The  general  nature  of  hydrodynamic  ram  structural  response  can  be  illustrated  most  conveniently  from  a  simple 
harmonic  oscillator  structural  model.  The  one- dimensional  equation  of  dynamic  equilibrium  is: 

M'»  +  Kw=F(t)  (Eqn.  2-113) 

where  M  is  the  mass,  K  is  the  stiffness,  F(t)  is  the  externally  applied  force  resulting  from  the  ram  pressure  at  the 
wall,  and  w  is  the  deflection.  Analytical  expressions  for  the  wail  pressure  loading  come  from  consideration  of 
fluid/structural  coupling  as  described  in  the  previous  section.  The  piston  theory  coupling  can  be  written  as: 

p(t)  =  pj  +  pcuin  -  pew  (Eqn.  2-114) 

Substituting  into  (2-113)  and  placing  all  ol  the  wall-motion  dependent  functions  on  the  left  side  of  the  equation  gives 
the  following  form  of  the  dynamic  equation  of  equilibrium  for  the  oscillator: 

M4J  +  pcA\4  ¥  Kw  =  PjA+pcAuin  (Eqn.  2-115) 

where  A  is  the  appropriate  surface  area. 

The  dynamic  equation  of  equilibrium  defines  the  forces  acting  on  the  oscillator.  These  include  an  inertial  force 
involving  structural  mass  and  acceleration,  a  stiffness  term  expressing  the  capability  of  the  structure  to  resist 
external  forces  by  developing  internal  loads  during  deflection,  and  the  forces  associated  with  the  fluid/structure 
interaction,  which  depend  on  the  incident  pressure  and  the  velocity  of  the  structure. 
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In  principal,  this  incorporation  of  the  fluid/ structure  coupling  relations  into  the  dynamic  equation(s)  of  ec^jilibriun  is 
applicable  to  any  structural  response  formulation.  Appropriate  dynamic  structural  response  models  can  be  found  in 
References  2-47,  2-52,  and  2-15.  The  latter  is  the  BR-1FC  blast  response  computer  code  described  previously  in 
Section  2. 2. 2. 2.3.1.  This  code  has  the  requisite  orthotropic  as  well  as  isotropic  large  deflection,  elastic-plastic 
capability  for  measuring  the  response  of  structures  to  transient  pressure  loadings.  To  date  this  code  has  not  been 
used  with  hydrodynamic  ram  pressure  prediction  codes,  but  is  the  best  structural  response  model  available  for  this 
purpose. 

Section  2. 2. 2. 2. 3  of  this  Manual  also  describes  several  additional  methods  for  assessing  the  response  of  structure  to 
transient  pressure  loadings.  These  methods  are  presented  in  the  context  of  application  to  transient  pressures  induced 
by  explosive  detonation,  but  they  are  also  applicable  for  the  case  of  hydrodynamic  ram,  provided  the  proper 
fluid/structure  algorithms  are  Incorporated. 


113 


2.3  EFFECTS  OF  CYCLIC  LOADING  ON  PR03ECTELE  IMPACT  DAMAGE 

The  cyclic  loading  induced  during  tlight  can  influence  the  severity  of  existing  impact  damage  by  initiating  fatigue- 
cracks  at  the  damage  site,  subsequent  crack  sharpening  or  blotting,  and  crack  growth.  There  can  be  significant  tim“- 
dependent  changes  in  the  residual  strength  of  the  structure  due  to  thes  •  alterations  in  the  size  and  character  of  the 
impact  damage. 

Projectiles  produce  a  wide  variety  of  damage  types,  including  cracks,  holes,  tears,  large  deformations,  r  ven  totally 
severed  structural  elements.  The  response  of  the  damaged  structure  when  exposed  to  cyclic  loads  reflects  this  wide 
variety  of  structural  damage.  For  example,  the  cyclic  loading  can  result  in  immediate  growth  when  the  projectile 
damage  is  a  crack.  There  may  bo,  however,  a  time  (number  of  cycles)  devoted  to  crack  nucleation. 

The  following  subsections  describe  several  important  aspects  of  the  fatigue  response  of  impact  damaged  structure  in 
terms  of  crack  initiation  and  extension,  and  suggest  an  approach  which  basically  consists  of  assuming  immediate 
fatigue  crack  initiation  at  the  damage  site,  and  then  applying  conventional  crack  growth  analysis. 

2.3.1  Fatigue  Crack  Initiation 

A  certain  amount  of  flight  time  (number  of  cycles)  may  be  required  before  fatigue  cracks  initiate  in  the  vicinity  of 
projectile  damage.  This  interval  is  defined  as  the  initiation  phase.  Two  types  of  fatigue  crack  initiation  may  occur  in 
impact  damaged  structure: 

a.  Fatigue  crack  initiation  at  some  point  on  the  periphery  of  the  damage; 

b.  Fatigue  crack  initiation  in  undamaged  structure  adjacent  to  damage  structure. 

2.3.1. 1  Crack  Initiation  From  Ballistic  Damage 

It  has  been  demonstrated  that  when  ballistic-damaged  metal  panels  are  cyclic  loaded,  fatigue  cracks  can  initiate  at 
the  edge  ot  the  damage.  Forman  (Reference  2-55)  showed  through  test  and  analysis  that  there  may  be  a  minimum 
number  of  cycles  required  to  initiate  these  cracks.  However,  there  is  no  analytical  technique  available  to  predict  the 
cycles  required. 

Therefore,  it  's  recommended  that  immediate  crack  initiation  be  assumed  for  establishing  subsequent  damage  growth. 
This  means  assuming  zero  initiation  time,  and  represents  an  upper  bound  for  ballistic-damage  severity  from  a  fatigue- 
crack  initiation  standpoint. 

2. 3.1.2  Cr-ck  Initiation  in  Aojacent  Undamaged  Structure 

Projectile  penetration  of  multiple-element  structure  creates  a  configuration  consisting  of  severed,  damaged,  and 
undamaged  elements.  Because  of  the  load  redistribution  throughout  the  structure,  the  remaining  unfailed  elements 
may  experience  significant  increases  in  loading.  Fatigue  damage  (crack  initiation,  element  failures)  in  these 
remaining  structural  elements  can  seriously  decade  their  performance,  significantly  reducing  the  residual  strength 
capability.  Analysis  of  these  elements  requires  determination  of  the  load  redistribution  and  the  fatigue  performance 
of  the  elements  when  subjected  to  these  new  loadings. 

2.3.2  Fatigue  Crack  Growth 

Fatigue  crack  growth  is  the  progressive  extension  of  the  crack  due  to  cyclic  loadings.  The  term  "fatigue  crack"  will 
be  used  with  the  understanding  that  it  is  not  strictly  correct  for  laminated  fiber  composite  materials  such  as 
graphite/ epoxy.  The  direction  of  growth  is  generally  normal  to  the  maximum  principal  stress  direction  in  metal 
structure.  With  composite  materials,  however,  fiber  orientation  influences  the  growth  direction. 


Fatigue  crack  growth  data  are  presented  as  the  change  of  crack  length  with  applied  load  cycles.  This  parameter  is 
called  the  crack  growth  rate  (inches/cycle).  Integration  of  the  estimated  growth  rate  from  an  initial  to  a  terminal 
crack  size  will  define  the  required  number  of  cycles  (time)  for  the  crack  to  extend  to  the  terminal  size.  The  terminal 
size  used  in  the  analysis  could  correspond  to  the  critical  crack  length,  as  defined  by  fracture  mechanics.  The  analysis 
of  fatigue  crack  growth  in  metals  has  been  developed  in  some  det  <i>  similar  technics  are  inder  development 
for  fiber  composites. 

Fatigue  crack  growth  is  influenced  by  a  number  of  variables.  These  include: 


a.  Load 

Temperature 
Minimum  stress 
Direction 
Spectrum 
Frequency 


b.  Geometry 
Crack  size 
Crack  configuration 
Structural  size  and  configuration 


c.  Environment 
Maximum 
Temperature 
Atmospheric 
Pressure 


d.  Material  Properties 

Material  type  ••  metal,  composite 
Alloy  and  chemistry 
Heat  treat  and  processing 
Microstructure  and  grain  direction 


The  analysis  methods  for  predicting  fatigue  crack  growth  must  consider  all  these  variables.  Load  and  geometry  are 
basic  factors  that  must  be  defined  for  the  specific  structure  analyzed.  Et  vironmental  and  metallurgical  factors  are 
included  in  the  crack- growth  data  used  for  the  analysis. 
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2.3.2. 1  Crack  Growth  Analysis  for  Metallic  Structure 

If  zero  crack  initiation  time  is  assumed  for  projectile  damage)  as  recommended  in  2.3.1. 1,  the  prediction  of  damage 
extension  rates  under  cyclic  loading  can  be  done  using  the  same  analysis  methods  appropriate  for  conventional  crack 
growth.  Many  methods  have  been  proposed  in  recent  years  for  correlating  fatigue-crack  growth-rate  data  in  terms  of 
the  loading  and  geometric  variables,  and  definitive  description  of  any  method  is  beyond  the  scope  of  this  Manual.  The 
stress  intensity  factor  (i ve .,  the  fracture  mechanics  approach)  is  summarized  below.  This  method  has  gained  the 
widest  acceptance  and  is  adaptable  to  a  wide  variety  of  structural  configurations.  The  approach  assumes  that  the 
fatigue-crack  growth  rate  is  governed  by  the  crack-tip  stress  field  as  given  by  I  inear -elastic  fracture  mechanics 
theory.  In  this  analysis  the  crack-tip  stress  field  is  directly  related  to  the  stress  intensity  factor,  K,  and  this  factor  is 
related  to  growth  rate  by; 


xs2a 

AN 

F(K), 

(Eqn.  2-116) 

where; 

A  2a 

AN 

F(K)  = 

fatigue-crack  growth  rate  (inches/cycle); 

a  functional  relationship  determined  by  test. 

The  stress  intensity  factor  is  a  function  of  the  panel  geometry,  crack  length,  and  applied  stresses.  Solutions  for  the 
stress  intensity  factor  for  various  geometries  and  loadings  are  presented  in  Section  2.4.  Additional  information  may 
be  found  in  References  2-56  and  2-57,  among  many. 

The  influence  of  material  properties  and  environment  is  included  in  the  functional  relationship.  Test  data  must  be 
used  to  define  this  information  for  each  condition.  Fatigue  crack  growth-rate  curves  defining  this  relationship  for  a 
number  of  cases  are  presented  in  Figures  2-169  through  2-171,  for  several  structural  materials.  The  growth  rate  is  a 
function  of  maximum  stress  intensity  factor;  that  is,  the  stress  intensity  factor  corresponding  to  the  maximum  value 
of  applied  stress  in  the  load  cycle.  In  cases  where  sufficient  data  was  available  an  estimated  upper  bound  on  fatigue- 
crack  growth  rate  was  included. 


Figure  3- 169.  &tknwtwd  fttiguw  Owe k  Growth  Bwhmrior 
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Figure  2-170.  Estimated  Fetfgue  Creek  Growth  Behavior 
for  Tl  SAI-4V  Condition  I  (Mill  Anneal) 


Figure  2-171.  Ettimeted  Typical  Fatigue  Creek  Growtti 
Behavior  for  4330  M.  HJ.  180-200 


The  crack  growth  in  a  particular  structural  element  is  estimated  by  integrating  the  appropriate  crack  growth-rate 
data  for  the  spectra  of  loadings  and  environments  imposed  on  the  structure.  This  is  done  using  an  iterative  technique. 
Satisfactory  estimations  can  be  made  quickly  by  hand  for  many  cases.  However, computerized  analysis  methods, such 
as  described  in  Reference  2-58,  provide  the  capability  for  evaluating  a  more  complex  loading  environment.  The 
computer  techniques  also  permit  efficient  investigation  of  several  variations  of  the  problem.  In  many  cases,  only 
limited  or  perhaps  no  applicable  fatigue  crack  growth  data  are  available.  In  these  cases,  estimates  must  be  made. 
The  effects  of  some  variables  that  influence  growth  are  discussed  in  the  following  parag-aphs  to  help  in  making  these 
estimates. 

The  crack-growth-rate  versus  stress-intensity-factor  curves  are  based  on  the  maximum  stress  intensity  factor  in  the 
load  cycle  (corresponding  to  the  maximum  stress).  Each  curve  is  defined  for  a  stress  ratio  R  =  0,  where 

R  =  a  min/  a  max  (Eqn.  2-117) 

Kmin/,Kmax 

The  majority  of  the  available  test  data  in  the  literature  are  for  this  condition.  When  data  for  the  required  values  of 
R  are  not  available,  Figure  2-172  can  be  used  to  estimate  the  crack  growth  behavior.  In  the  case  of  reversed  loading 
(Omin  <  0  and  R  negative),  using  the  solutions  for  R  -  0  will  give  good  results.  This  is  equivalent  to  neglecting  the 
negative  stress  part  of  the  cycle. 

Physical  environment  has  a  significant  influence  on  fatigue  crack  growth  rate.  Generally,  the  influence  of  moisture 
or  high  humidity  is  the  most  important.  Experience  from  the  behavior  of  commercial  aircraft  has  shown  that  in- 
service  crack  growth  is  often  representative  of  the  high-humidity  or  "wet"  condition.  Crack  growth  rates  for  the  wet 
conditions  can  be  several  times  that  experienced  in  the  laboratory  air  environment.  Data  from  Reference  2-59 
showing  the  influence  of  moisture  on  fatigue  crack  growth  in  two  aluminum  alloys  are  presented  in  Figure  2-  173.  As 
seen  in  the  figure,  the  growth  rate  is  accelerated  in  the  7075-T6  matenai  by  the  environment.  A  similar  result  is 
shown  in  Figure  2-174  for  titanium  alloy  6A1-4V. 
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Figure  2-172.  Influence  of  Street  Retio  (ft)  on  the  Fatigue  Oeck  Growth  Rate 
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Figure  2-174.  Influence  of  Environment  on  Fatipie  Crack  Growth 
in  Ti  6 AI-4V  Mill  Anneal 


Cyclic  frequency  generally  is  not  considered  to  be  a  major  variable  in  fatigue  crack  growth  analysis.  Test  data 
supporting  this  conclusion  are  shown  in  Figure  2-175  for  7075-T6  aluminum  alloy  (Reference  2-60).  Exceptions  are 
encountered  in  the  case  of  long  cycle  times  within  a  reactive  environment.  For  most  crack-growth  estimates 
conducted  in  support  of  impact  damage  analyses,  cyclic  loading  frequency  need  not  be  considered. 

The  influence  of  temperature  on  fatigue  crack  growth  is  generally  small.  Aluminum  alloys,  however,  do  show  an 
increase  in  growth  rate  with,  increasing  temperature.  Other  materials,  such  as  titanium  alloys  and  steels,  have 
variable  performance  with  temperature.  The  temperature  influence  on  cyclic  load  damage  extension  for  these 
materials,  however,  can  generally  be  neglected  for  the  normal  range  of  operating  temperatures  on  aircraft. 

The  data  presented  in  this  section  were  generated  with  constant  amplitude  ioading;  that  is,  the  load  applied  to  the 
test  specimen  was  repetitive  in  size  and  shape.  In  aircraft  structure,  however,  the  loading  has  randomly  sequenced 
variable  amplitudes  with  a  changing  mean  stress.  Estimating  fatigue  crack  growth  under  these  loading  conditions 
requires  an  estimate  of  the  cycle  loading  spectrum,  and  method  of  estimating  the  growth  with  variable  load  cycles. 

The  loading  spectrum  should  be  developed  to  reflect  the  usage  and  configuration  applicable  to  the  aircraft  evaluated. 
These  requirements  may  come  from  procurement  specifications  or  from  an  evaluation  of  the  aircraft  and  mission.  A 
discussion  of  these  loading  variables  is  presented  in  Section  Ill. 

It  has  been  shown  (Reference  2-61)  that  fatigue  crack  growth  can  be  correlated  on  a  cycle-by-cycle  basis 
corresponding  to  the  individual  load  increases  (that  is,  the  portion  of  the  cycle  with  a  positive  slope)  see  Figure 
2-176.  It  is  suggested  that  the  spectrum  loading  be  analyzed  using  the  individual  load  increases  rather  than  the 
complete  cycle  in  the  developed  spectrum.  The  crack  growth  is  then  estimated  progressively  in  sequence  with  the 
load  spectrum. 

Load-cycle  sequence  has  been  shown  (Reference  2-62)  to  influence  fatigue-crack  growth  behavior.  This  is  in  part  due 
to  the  fatigue-crack  growth  for  a  given  cycle  being  a  function  of  previous  loading  history.  It  is  suggested  that  the 
interaction  effects  be  neglected  and  the  constant  amplitude  data  be  used  directly  for  projectile  damage  tolerance 
analysis. 
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2.3.2. 2  Damage  Extension  Analysis  for  Fiber  Composite  Structure 

Comjxjsite  materials  such  as  glass-reinforced  plastic,  boron/epoxy,  boron-polyimide,  and  graphite/epoxy,  consist  of  a 
brittle,  1'  ..-modulus  fiber  imbedded  within  a  low-strength  matrix.  The  matrix  is  generally  more  sensitive  to  fatigue 
damage  then  the  fibers.  When  exposed  to  cyclic  loading,  the  interaction  of  matrix  and  fibers  causi  s  varying 
responses.  For  example,  the  direction  of  crack  propagation  is  dependent  on  the  fiber  orientation  as  well  as  the 
loading  direction.  Undirectional  fiber-composite  materials  experience  damage  propagation  between  the  fibers  in  a 
direction  which  is  generally  parallel  to  the  loading  direction. 

Cyclic  loading  of  ballistic-damaged,  crossplied,  advanced  composite  materials  often  does  not  produce  any  discernible 
damage  extension.  Consetfiently,  the  residual  strength  of  ballistic-damaged  fiber-composite  structure  may  not 
change  with  cyclic  loading,  in  fact,  in  some  cases  an  increase  in  strength  can  occur.  This  increase  has  been  shown 
for  some  layups  of  boron/epoxy,  glass/epoxy,  and  steei-wire-reinf orced  aluminum.  The  data  available  are  not 
sufficient  to  allow  a  quantitative  assessment  of  behavior.  However,  it  does  illustrate  the  complex  behavior  of 
composite  structure  and  the  care  that  must  be  exercised  when  evaluating  its  behavior. 


2.4  STIFFNESS  DEGRADATION  OF  IMPACT  DAMAGED  STRUCTURE 


Stiffness  reduction  in  impact  damaged  structural  elements  can  be  important  from  two  standpoints.  The  first  is  the 
alteration  of  load  distribution  within  the  structure,  potentially  causing  overloading  and  failure  of  undamaged 
elements.  The  second  area  of  potential  concern  is  the  residual  stiffness  of  major  structural  components,  since 
stiffness  degradation  may  lead  to  instability  and  control  inadequacy.  These  two  topics  are  discussed  in  the  following 
sections.  However,  there  are  few  verified  analysis  methods  for  predicting  stiffness  degradation  associated  with 
ballistic  damage.  Both  of  these  stiffness  degradation  effects,  but  particularly  the  latter,  become  increasingly 
significant  as  the  extents  of  the  inflicted  damage  becomes  larger.  Stiffness  degradation  may  well  be  a  problem  for 
HE  projectile  impacts,  but  it  is  generally  insignificant  with  small  arms. 

2.4.1  Stiffness  Degradation  of  Damaged  Structural  Elements 

Stiffness  reduction  due  to  loss  of  area  and  deformation  of  the  elements  can  cause  significant  redistribution  of  the 
internal  loading  in  multiple-element  structure.  Analysis  of  structure  containing  damaged  elements  requires 
evaluation  of  their  stiffness  alteration.  Finite-element  structural  analysis  techniques,  for  example,  require  a 
definition  of  the  stiffness  of  each  individual  element  in  the  structural  model.  Section  2.2.2. 1.2  describes  a  technique 
for  altering  the  stiffness  of  perforated  elements. 

Stiffness  degradation  of  axially  loaded  panels  due  to  projectile  damage  was  studied  previously  by  Martin-Marietta 
under  Air  Force  contract  F336  1  5-67-C-1660.  From  this  study  the  following  expression  was  developed  for  constant 
cross-section,  tension- loaded  panels  as  shown  in  Figure  2-177. 

^  =  1  ■  a^um  •  ItlHa  *°«e  ['  '  -nr]  (Eqn.  2-118) 

where  £2  =  change  in  compliance  (deflection  of  element  after  damage  divided  by 
defection  before  damage) 

This  expression  assumes  an  ineffective  area  around  the  damage  and  constant  stress  on  the  remaining  cross  section. 
The  value  of  o  for  use  in  this  expression  was  approximately  20-degrees,  as  determined  by  test.  For  finite-element 
structural  modeling  it  is  suggested  that  this  expression  be  used  for  partially  damaged  plate  elements. 


Similarly,  for  shear  elements,  the  following  expression  was  suggested: 


h 


1 _ 

0.785(11,0:? 

ab 


(Eqn.  2-119) 


Rod  elements  (or  those  axial-loaded  structural  elements  for  which  the  cross-section  is  small  relative  to  the  length) 
generally  will  not  suffer  significant  stiffness  changes  prior  to  element  failure.  Therefore,  for  finite-element 
evaluations,  the  stiffness  of  those  that  are  not  severed  (but  are  partially  damaged)  would  be  equal  to  the  undamaged 
value. 


Beam  elements  (elements  carrying  bending)  can  experience  significant  changes  in  bending  stiffness  due  to  partial 
damage.  When  developing  a  finite-element  structural  model  it  may  be  necessary  to  include  this  stiffness  change  if 
bending  elements  ere  included  in  the  idealization. 

2.4.2  Stiffness  Deg-adation  of  Damaged  Structural  Components 

Aircraft  structure  that  is  damaged  by  large  caliber  HE  projectiles,  can  experience  significant  changes  in  stiffness  at 
the  component  level.  For  example,  severe  skin  damage  (panel  detachment  or  rupture)  in  a  wing  can  reduce  the 
torsional  stiffness  below  the  flutter  requirements  of  the  operating  envelope.  Severance  of  a  wing  spar  could  have  a 
similar  effect.  Empennage  structure,  because  of  the  generally  low  flutter  margins,  also  could  be  similarly  vulnerable. 

It  is  beyond  the  scope  of  this  Manual  to  present  flutter  analysis  techniques  for  damaged  structure.  The  relationship 
between  projectile  damage  and  wing  flutter  requirements  was  considered  in  Reference  2-63,  using  finite-element 
techniques  for  developing  the  stiffness  matrix  of  the  damaged  configuration.  That  study  will  provide  guidance  for 
assessing  flutter  capability. 


Figure  2-177.  Effective  Damage  for  Panel  Stiffnm  O' 
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2.5  STRENGTH  DEGRADATION  OF  IMPACT  DAMAGED  STRUCTURE 

Projectile  damage  destroys  a  portion  of  the  load-carrying  capability  of  the  structure,  alters  the  distributior.  of 
internal  loads,  and  introduces  a  flaw  which  may  cause  failure  by  locally  disturbing  the  stress  field.  The  latter  effect 
is  most  significant  with  regard  to  the  relatively  small  damage  induced  by  small  arms  projectiles  and  dispersed 
warhead  or  engine  debris  fragments.  High-explosive  projectiles  can  often  create  damage  of  sufficient  size  to 
substantially  degrade  structural  performance  by  ail  three  effects.  Estimating  the  residual  strength  of  structure 
damaged  by  projectile  impact  is  a  major  step  in  predicting  structural  capability. 

Predicting  residual  strength  loss  due  to  the  destruction  of  load-carrying  material  is  straightforward  provided  the 
damage  has  been  accurately  determined.  Thus,  this  aspect  of  the  problem  reduces  to  the  problem  of  predicting 
damage,  using  methods  discussed  in  Section  2.2.  The  same  comment  applies  to  establishing  the  effects  of  internal 
load  redistribution.  Once  the  damage  is  known,  finite-element  or  other  analysis  methods  can  be  used  to  determine 
redistribution. 

Unique  problems  do  arise,  however,  with  regard  to  assessing  the  effects  of  the  flaw  introduction  aspect  of  projectile 
damage.  These  problems  center  around  estimating  the  effective  flaw  size  represented  by  the  ballistic  damage. 
Historically,  investigation  in  this  area  was  initially  directed  at  determining  the  effects  of  ballistic  damage  in 
monolithic  metallic  tension  members.  This  priority  was  established  because  tensile  failure  due  to  unstable  crack 
growth  emanating  from  a  ballistic  damage  is  the  most  probable  mechanism  for  causing  structural  failure  due  to 
projectile  impact  in  metallic  structure.  Consequently,  most  of  the  analytical  development  available  for  presenting  in 
this  section  pertains  to  tensile  failure,  or  more  precisely,  fracture  of  tensile  elements  containing  flaws  induced  by 
projectile  penetration. 

In  the  early  1970's,  attention  was  directed  toward  establishing  the  response  of  advanced  fiber  composite  materials 
(graphite/epoxy,  for  example)  to  projectile  impact.  Because  of  the  high  notch-sensitivity  of  many  graphite/epoxy 
laminate  configurations,  and  the  past  experience  with  metallic  structure  cited  above,  the  initial  consideration  was 
tensile  failure  of  damaged  structure.  Quite  recently,  the  effect  of  delamination  in  degrading  compression  strength 
has  teen  identified  as  a  serious  problem.  But  again,  the  analysis  methods  for  composites  presented  herein  reflect  the 
early  concern  for  tensile  failure. 

The  analysis  methods  presented  in  this  section  for  evaluating  strength  capability  have  been  somewhat  arbitrarily 
organized  according  to  structural  complexity:  1)  analysis  of  monolithic  panels,  2)  analysis  of  multiple  load-path 
panels,  and  3)  analysis  of  multi-element  structure.  The  application  of  conventional  and  modified  fracture  mechanics 
analysis  to  ballistic  damaged  panels  is  discussed  under  the  first  category  (2.5.1).  The  extension  of  these  approaches 
to  the  requirements  of  panels  having  discrete  stiffening  members  is  discussed  under  the  second  category  (2.5.2). 
Finally,  the  analysis  of  damaged  components  using  finite  element  methods  is  discussed  under  the  last  category  (2.5.3). 

2.5.1  Analysis  of  Monolithic  Panels  Containing  Impact  Damage 

This  section  addresses  analysis  methods  for  predicting  the  effect  of  projectile  damage  on  the  residual  tensile  strength 
of  single  structural  elements.  The  topics  presented  include  fracture  mechanics  analysis  as  applied  to  projectile 
damaged  panels,  the  significance  of  the  dynamic  loading  effects  induced  by  impact  and  blast,  and  the  influence  of 
combined  stress  conditions.  The  methods  apply  directly  to  monolithic  components,  but  are  distinct  from  the 
strength-prediction  methods  presented  later  for  multi-element  structure  which  include  consideration  of  the 
interaction  between  elements. 

Some  fundamental  aspects  of  the  residua!  strength  behavior  of  tensile  panels  are  shown  schematically  in  Figure 
2-178,  identifying  two  limiting  cases  denoted  as  "notch-insensitive"  and  "notch  sensitive".  In  ductile  materials,  or 
when  the  type  of  damage  results  in  low  stress  concentration,  residual  strength  is  determined  by  the  net  cross- 
sectional  area  of  the  member.  This  represents  notch-insensitive  behavior,  a.  s  the  least-severe  condition  (greatest 
residual  strength).  Predicting  residual  strength  resulting  from  notch -insert  .  behavior  is  straightforward  once  the 
size  of  the  projectile  damage  has  been  determined. 


The  most  severe  strength  reduction  occurs  when  sharp-edged  cracks  exist  brittle  materials.  Failure  in  this  case  is 
characterized  by  unstable,  rapid  crack  growth,  and  the  residual  strength  may  be  much  lower  than  net  area  strength. 
This  is  termed  notch-sensitive  behavior,  and  is  associated  with  fatigue-crack  damage  in  metals.  Linear  elastic 
fracture  mechanics  analysis  is  commonly  used  for  assessing  the  notch-sensitive  response  of  aircraft  structure 
containing  sharp-edged  flaws. 

The  residual  strength  of  ballistic-damaged  tension  members  does  not  usually  fit  either  of  these  categories,  but  is 
rather  often  located  in-between,  referred  to  as  transition  behavior.  The  transition  behavior  of  ballistic-damaged 
members  is  due  to  the  initial  bluntness  of  the  flaw  created  by  ballistic  penetration.  Two  distinct  analysis  approaches, 
each  involving  linear  elastic  fracture  mechanics  (LEFM),  have  been  applied  to  predicting  residual  strength  resulting 
from  ballistic  impact.  The  first  approach  ,s  a  direct  app'ication  of  conventional  LEFM,  endeavoring  to  characterize 
the  geometric  nature  of  the  ballistic  flaw  so  that  failure  can  be  predicted  using  Kc  (critical  stress  intensity  factor) 
determined  from  fracture  toughness  tests  of  specimens  containing  sharp-edged  cracks.  The  second  approach  is  a 
modified  application  of  LEFM,  mai  mg  use  of  an  empirically  determined  "effective"  critical  stress  intensity  factor, 
Ac,  peculiar  to  ballistic  fiaws  and  found  from  tensile  tests  of  panels  containing  ballistic  damage. 

There  is  an  additional  consideration  which  is  unique  to  projectile  damage  tolerance  assessment:  the  apparent 
strength  of  the  structure  is  influenced  by  the  dynamic  loadings  and  rate  effects  induced  by  the  impact.  Because  of 
this,  structural  elements  xv  not  be  ablr  to  carry  as  great  an  applied  load  during  impact  as  immediately  after 

impact.  "Impact  fracture"  is  rhe  term  i  ^ed  to  describe  the  fracture  of  a  stressed  panel  at  impact.  This  type  of 

fracture  occurs  when  local  cracks  initiated  by  the  impact  immediately  propagate  across  the  panel.  The  impact 

fracture  lailure  mechanism  is  distinct  from  residual  strength  failure,  in  that  residual  strength  failures  occur  when 

surviving  (but  damaged)  panels  are  subjected  to  increased  loadings.  Figure  2  179  depicts  this  distinction.  From  the 
available  data,  a  threshold  level  termed  "impact  fracture  strength"  can  be  defined,  and  this  strength  in  some 
materials  is  significantly  lower  than  the  corresponding  static  residual  strength. 


Figure  2-178.  Variation  in  Fracture  Response  With  Failure  Mode 


Figure  2-179.  Strength  Degradation  of  Tensile 
Panels  Due  to  Ballistic  Impact 
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Since  the  effects  of  combined  stress  conditions  are  also  significant  in  the  assessment  of  strength  degradation, 
particularly  when  blast  or  hydrodynamic  ram  pressures  are  imposed  on  damaged  structure,  the  discussion  that  follows 
is  organized  into  four  categories: 

2.5. 1.1  Conventional  Fracture  Mechanics  Applied  to  Ballistic  Damage; 

2.5. 1.2  Modified  Fracture  Mechanics  Applied  to  Ballistic  Damage; 

2. 5. 1.3  Dynamic  Effects  Associated  With  Strength  Degradation 

2.5. 1.4  Combined  Stress  Effects 

2.5.1. 1  Conventional  Fracture  Mechanics  Applied  to  Ballistic  Damaged  Panels 

In  the  context  of  this  discussion,  conventional  fracture  mechanics  means  developing  fracture  criteria  using  a  critical 
stress  intensity  factor  for  plane  stress  determined  from  fracttre  toughness  tests  of  panels  containing  a  sharp-edged 
central  crack.  Since  projectile  damage  is  generally  not  a  sharp-edged  crack,  appropriate  expressions  for  the  stress 
intensity  factor  associated  with  the  damage  pattern  must  be  established.  In  principal  this  is  not  a  particularly 
difficult  task,  as  demonstrated  by  the  successful  results  of  several  investigations  discussed  below.  Application, 
however,  requires  the  capability  to  predict  the  damage  patterns  resulting  from  diverse  impact  conditions.  This  latter 
requirement  is  difficult  to  meet,  leading  to  the  modified  fracture  mechanics  approach  described  in  2.5.1 .2. 

Equations  for  the  stress  field  near  a  sharp-edged  crack  tip  as  given  by  linear  elastic  fracture  mechanics  (LEFM) 
theory  are  shown  in  Figure  2- 180(a).  Based  on  this  theory,  any  cracked  structure  that  satisfies  the  basic  assumptions 
of  isotropic,  linear  elasticity  has  the  same  stress  distribution  near  the  crack  tip,  and  the  amplitude  of  the  stress  is 
directly  proportional  to  the  stress  intensity  factor,  K.  Fracture  criteria  are  based  on  the  assumption  that  a  material- 
dependent  value  of  the  stress  intensity  factor  exists,  termed  Kc  (the  critical  stress,  intensity  factor),  at  which  the 
cracked  panel  will  fail.  The  critical  stress  intensity  factor  is  determined  by  test,  and  treated  as  a  material  property 
subject  to  certain  geometric  limitations. 


The  stress  intensity  factor  (K)  depends  on  the  applied  stress  condition  and  the  geometry  of  the  structural  element. 
For  the  case  of  an  infinite  panel  containing  a  sharp-edged  crack,  and  subjected  to  gross  tensile  stress  as  indicated  in 
Figure  2- 180(b),  the  stress  intensity  factor  is: 


K  -  0  Vifa, 

where: 

O  =  gross  tensile  stress; 

a  =  half  crack  length. 
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(a)  CRACK  TIP  STRESS  FIELD  GIVEN  BY 
LINEAR  ELASTIC  ANALYSIS 


(Eqn.  2-120) 
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(b>  INFINITE  PANEL  CONTAKiMO 
A  SHARP-EDGED  THROUGH 
CRACK 


Figure  2 ■  180.  Stress  FmU  and  Geometry  lor  Fractura  Machanic*  Application 


In  many  important  applications,  however,  the  panel  to  be  analyzed  is  not  of  infinite  extent  and  the  flaw  is  not  a 
simple  sharp-edged  crack.  For  these  applications,  corrections  are  generally  available  and  may  be  applied  to  the  basic 
equation  above,  providing  the  more  general  relationship: 


K  =  aVWa  a  (~)  F  (Eqn.  2-121) 

where 

a(^,)  =  a  function  providing  correction  for  finite  geometry 

F  =  a  function  providing  correction  for  the  deviation  of  the  flaw  shape  from  a  simple  sharp-edged 

crack. 

The  crack  length,  2a,  must  often  be  corrected  for  slow  crack-growth  that  may  occur  prior  to  final  fracture,  and  the 
developmer*  of  a  plastic  zone  at  the  tips.  This  underscores  the  fact  that  measurable  physical  damage  cannot  always 
be  used  d:  tly  in  damage  tolerance  analysis,  and  this  is  particularly  true  with  regard  to  ballistic  damage.  In  fact, 
translatin  ne  ballistic  damage  into  an  effective  crack  length  is  the  fundamental  problem  ol  residual  strength 
predict 

Reia‘  „  is  hips  for  calculating  the  stress  intensity  factor  for  various  geometric  configurations  are  available  in  the 
fracture  mechanics  literature,  References  2-56,  2-57,  and  2-64,  for  example.  Values  of  the  critical  stress  intensity 
factors  are  available  for  most  aircraft  materials.  However,  there  are  several  important  factors  that  must  be 
considered  when  applying  fracture  mechanics  analysis  to  projectile  impact  damage.  References  2-2,  2-4,  2-8,  2-16, 
2-65  and  others  discuss  various  aspects  of  the  application.  The  most  significant  of  these  factors  are  the  effect  of 
damage  geometry  since  ballistic  damage  seldom  corresponds  exactly  to  a  sharp-edged  crack,  and  the  effect  of 
damage  spacing  which  may  become  significant  in  the  case  of  multiple  impacts  from  HE  projectiles  or  missile 
warheads.  Additional  factors, include  the  effects  of  plasticity,  panel  thickness,  temperature,  and  the  influence  of  a 
reactive  environment.  The  latter  factors  are  of  significance  regardless  of  the  source  of  the  damage,  and  are 
discussed  herein  primarily  for  completeness. 

2.5.1. 1.1  Effect  of  Damage  Geometry 

Ballistic  impact  damage  ranges  from  cracks  to  smooth  holes  depending  on  the  material  and  geometry  of  the  impacted 
structure  and  the  projectile  impact  conditions,  as  described  in  Section  2.2.  Because  of  this,  characterizing  the  flaw 
shape  is  .  important  step  when  applying  conventional  fracture  mechanics  analysis  to  impact  damage.  Relevant 
characterization  is  reported  in  Reference  2-65  describing  an  investigation  to  establish  effective  flaw  sizes  for 
aluminum  and  titanium  panels  impacted  by  small-arms  projectiles.  Residual  strength  tests  were  conducted  of 
damaged  panels  and  the  results  were  analyzed  using  iinear  elastic  fracture  mechanics.  Following,  in  part,  the 
terminology  from  Reference  2-65,  the  following  measures  of  ballistic  damage  will  be  useful: 

Hq  =  maximum  transverse  extent  of  through-holej 

SQ  =  maximum  transverse  extent  of  spall; 

Lq  -  maximum  transverse  extent  of  cracking; 

TLD=  maximum  extent  of  structurally  significant  transverse  damage  without  regard  to  type  (but  limited 

to  the  three  types  above). 

The  term  "transverse,"  as  used  above,  means  normal  to  the  applied  tensile  load. 

Figure  2-181  summarizes  the  results  of  work  reported  in  the  reference.  The  fracture  mechanics  equations  shown  in 
the  figure  incorporate  specific  finite  width  and  plasticity  zone  corrections.  The  user  may,  of  course,  elect  to 
reformulate  the  equations  using  alternate  forms  of  the  corrections.  Four  types  of  ballistic  damage  in  metals  were 
considered: 

1.  Crack-like  damage  in  thin  aluminum  alloy  sheets.  This  type  of  damage  was  induced  by  high-obliquity 

impacts,  with  the  obliquity  plane  in  the  longitudinal  direction  of  the  sheet,  in  this  case,  the  damage  looks 
and  behaves  like  a  crack.  The  half -crack  length  is  taken  as  one-half  the  total  transverse  damage,  aug¬ 
mented  by  plasticity  zone  corrections.  Good  correlation  between  analytic  predictions  and  test  results  were 
obtained  for  0.25-inch  2024-T851,  7 178-T651,  7075-T7351,  and  7075-T651  aluminum  alloys. 

2.  Smooth,  round  holes  in  thin  aluminum  sheet.  This  type  of  damage  has  little  back  or  front  surface  spallation, 

and  no  visible  cracks  on  either  face.  High  velocity  armor-piercing  bullets  at  nearly  zero  obliquity  may 

produce  damage  of  this  form.  It  was  found  that  the  residual  strength  of  0.25-inch  2024-T851  containing 
smooth,  round  holes  from  .50  caliber  AP  impacts,  could  be  predicted  by  net  area,  similar  to  the  behavior  of 
drilled  holes  in  a  ductile  alloy. 

3.  Ragged  hole  with  cracks  in  thin  sheet.  This  type  of  ballistic  damage  is  frequently  generated  in  thin  sheets, 
and  consists  of  through-cracks  extending  in  several  directions  from  an  irregularly  shaped  hole.  The  cracks 
change  direction  as  they  radiate  from  the  hole.  The  term  "petalling"  is  sometimes  used  to  describe  this 
damage  pattern.  Good  correlation  was  obtained  with  test  results  for  0.1 14-inch  6AI-4V  titanium  by 
applying  a  correction  fator  dependant  upon  the  minimum  tip  angle  at  the  farthest  damage  extent,  as 
indicated  in  Figure  2-181. 

4.  Through-hole  with  surrounding  spall  in  thick  plate.  Damage  of  this  type  occurs  when  thick  aluminum  plates 
(3/8-inch  and  thicker,  for  example)  are  penetrated  by  armor-piercing  projectiles  or  fragments.  The  back 
surface  spall  surrounding  the  hole  may  be  extensive,  and  may  or  may  not  contain  visible  cracks.  Good 
correlation  for  0.50-inch  and  0.75-inch  7075-T651  plate  (impacted  by  .50  caliber  AP  bullets)  was  obtained 
using  Bowie's  (Ref.  2-67)  analysis  for  a  circular  hole  with  edge  cracks.  The  length  of  the  edge  cracks  is  not 
known,  a  priori,  and  must  be  determined  in  a  way  that  provides  test  correlation. 
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Elliptical  and  Rectangular  Damage  Shapes  (Extracted  From  Ref.  2-1*) 

Many  ballistic  impact  damages,  particularly  those  resulting  from  HE  projectile  fragments,  appear  to  be  elliptical  ori 
rectangular,  with  cracks  emanating  from  the  elliptical  or  rectangular  hole.  Reference  2-68  reports  some  analytical  ' 
characterization  of  the  stress  intensity  lactors  for  these  types  of  flaws,  and  these  results  are  presented  in  the 
following  paragraphs. 

Thu  stress  intensity  factor  for  an  elliptic  hole  with  edge  cracks  may  be  presented  in  the  form 

K  =g^Tt  D  Fc  (Eqn  2-122) 


Values  of  Fe  for  the  configuration  and  notation  of  Figure  2-182  is  presented  in  Figure  2-183  end  Table  2-28.  The 
stress  intensity  factor  for  a  rectangular  hole  with  edge  cracks  may  be  presented  in  the  form: 


K 


(Eqn.  2-123) 


with  Fr  for  the  rectangular  flaw  in  Figure  2-182  corresponding  to  Fe  for  the  elliptic  flaw  in  Equation  (1).  Values  of 
Fr  are  shown  in  Figure  2-  184. 


A  nondimensional  crack  length  can  be  defined  such  that: 


X  =  2c  ; 

and  the  parameter  s  can  be  introduced  (Ref.  2-69): 

s  -  (D/2)-c 

D/2 

Upon  subsituting  Equation  (Eqn.  2-124)  into  Equation  (Eqn.  2-123),  one  obtains: 


(Eqn.  2-124) 


(Eqn.  2-125) 


X-l 

X 


(Eqn.  2-126) 


The  parameters  Fe  and  Fr  as  a  function  of  s  and  X  are  given  in  Table  2-29.  Table  2-29  was  developed  with  the  use  of 
curves  in  Reference  2-69. 

For  values  of  s  greater  than  0.4  (see  Table  2-29),  the  flaw  shape  and  dimensions  have  little  effect  on  Fe  and  Fr  which 
are  approximately  unity.  Furthermore,  for  this  condition,  the  stress  intensity  factor,  in  effect,  depends  only  on  the 
crack  length  plus  hole  length  (i.e.,  the  total  damage)  and  not  the  ratio  of  crack  length  to  hole  length.  As  s  decreases 
below  0.4,  for  all  practical  purposes  the  crack-flaw  interaction  parameters  in  Table  2-29  decrease  monotonically  with 
decreasing  s.  In  situations  with  D/2  *c  (i.e.,  X  *  1),  the  crack  lengths  are  quite  small  relative  to  the  flaw  length  and 
Fe  and  Fr  approach  zero.  Thus,  the  effect  of  the  crack  diminishes  as  s  approaches  zero  in  the  sense  that  the 
computed  stress  intensity  factor  becomes  quite  small. 


Figure  2- 182.  Gomwtric  Definition  of  Elliptic W  end  Rectenglt  Holm  with  Two  Edge  Crocks 
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2.V1.1.2  Effect  CM  Damage  Spacing  -  Multiple  Impact  Damage 

This  section  addresses  the  residual  strength  of  structure  containing  closely  spaced  multiple  impact  damages.  The 
discussion  is  applicable  to  damage  from  HE  projectile  fragments  or  from  warhead  fragments  impacting  in  close 
proximity.  Because  of  this  proximity,  the  damages  may  interact  with  each  other,  either  by  direct  physical  intersec¬ 
tion  or  by  the  superposition  of  the  local  stress  fields  about  adjacent  damages.  When  this  occurs,  the  damages  can  no 
longer  be  treated  as  isolated  flaws  as  described  in  the  previous  section. 

The  method  described  here  for  assessing  the  residual  strength  of  multiple  impact  damaged  structure  was  developed  in 
association  with  the  BR-2  computer  code  (Reference  2-14).  It  employs  a  linear  elastic  fracture  mechanics 
methodology  applicable  to  isotropic  metallic  structure,  but  could  possibly  be  applicable  to  fiber  composites  with 
quasi-isotropic  symmetric  lay-ups.  There  is  very  little  substantiating  test  data  available  for  either  metals  or 
composites. 

Figure  2-185  illustrates  the  multiple  damage  phenomena  and  the  concept  of  an  effective  damage  size.  The  figure 
shows  fragment  impacts  generated  by  detonation  of  an  HE  projectile,  but  the  concept  is  applicable  to  any  threat.  In 
(a),  because  of  the  very  high  areal  density  of  the  impacting  fragments,  individual  fragment  damages  do  not  occur. 

The  effective  damage  controlling  structural  degradation  is  essentially  a  single  sharp-edged  hole.  In  (b),  individual 
damages  are  apparent  and,  significantly,  they  are  spaced  quite  closely  so  that  their  separate  stress  concentration 
fields  can  superimpose.  The  effective  damage  size  in  this  case  depends  on  the  size  and  spacing  of  the  damages.  In 
(c),  at  a  still  greater  stand-off  distance,  individual  damages  are  still  evident,  but  they  are  widely  separated. 
Interaction  between  damages  will  be  negligable,  and  the  effective  damage  size  will  be  largely  determined  by  the 
largest  single  damage  size,  as  with  the  case  of  single  penetrations. 

In  order  to  quantitatively  establish  the  effective  damage  size  resulting  from  a  fragment  pattern,  the  effect  of 
superimposing  the  local  stress  fields  associated  with  adjacent  damages  must  be  determined,  as  indicated  in  Figure 
2-186  for  the  case  of  two  collinear  damages.  In  this  case,  the  local  stress  fields  are  additive,  causing  a  higher  stress 
at  the  interior  edges  of  each  damage.  The  initial  failure  mode  anticipated  would  be  a  transverse  fracture  initiating 
at  these  inner  edges,  causing  the  two  cracks  to  merge.  Subsequent  panel  failure  would  depend  on  the  capability  of 
the  panel  to  contain  the  merged  crack  at  the  stress  levels  induced  by  the  flight  envelope. 

The  significance  of  stress  field  superposition  depends  on  the  size  of  the  individual  damages  and  their  spacing  and 
arrangement  relative  to  each  other.  The  result  of  superposition  is  not  always  an  increase  in  local  stress;  in  some 
cases  a  reduction  may  result  from  the  shielding  of  a  damage  by  surrounding  damages. 
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Figure  2-196.  Closely  Spaced  Damages  Showing  Rasultant 
Superposition  of  Lota!  Strut  Fields 

Reference  2-14  presents  analytical  predictions  of  damage  interaction  effects  for  isotropic,  homogenous  materials 
(e.g.,  metals),  based  on  linear  elastic  fracture  mechanics  analysis  described  in  Refs.  2-111,  2-112.  This  is,  of  course, 
the  same  approach  described  in  the  previous  section  for  application  to  single  damages.  For  the  case  of  multiple 
damages  it  is  convenient  to  define  the  ratio: 


'  =  Kq  (Eqn.  2-127) 

where 

K  =  The  stress  intensity  factor  at  the  tips  of  cracks  comprising  the  multiple  damage  pattern; 

Kq  =  the  corresponding  stress  intensity  factor  for  a  single  crack; 

=  ,  for  the  case  of  uniform  tension  loading. 

Values  of  r\  for  various  damage  patterns  are  available  in  Reference  2-14,  and  several  of  these  damage  patterns  plus 
others  are  presented  on  the  following  pages  (Figures  2-187  to  2-196).  Application  of  these  results  in  predicting 
residual  strength  following  multiple  impacts  entails  the  following  steps: 

1.  Define  the  impact  locations  and  impact  conditions  of  the  multiple  penetrn'.ors,  bas^d  on  threat  characteristics 
and  engagement  conditions. 

2.  Determine  the  probable  effective  sizes  of  the  individual  damages  using  suitable  damage  size  models. 

3.  Examine  the  damage  pattern,  and  estimate  local  failure  regions  leading  to  damage  merging,  based  on  the 
information  presented  in  Figures  2-187  to  2-196  and  suitable  values  of  the  critical  stress  intensity  factor  for  the 
materials  considered. 

4.  Assess  overall  panel  failure,  based  on  the  most  probable  overall  failure  moc.e. 

The  analysis  described  above  is  not  a  simple  one  if  a  complex  damage  prt.tern  in  Involved.  Results  are  very 
configuration  dependant,  and  computer-aided  analysis  supported  by  testing  mv-  well  be  required  to  generate  design 
information  of  broad  application.  The  following  detailed  discussion  of  Figur  r,  i  187  through  2-196,  extracted  from 
Ref.  2- 14,  is  provided  to  develop  a  qualitative  understanding  of  the  interactioris  of  crack- induced  stress  fields. 

It  is  convenient  to  refer  to  a  normalized  opening  mode  stress-intensity  factor 


K 


o 


(Eqn.  2-128) 


with  D  being  the  crack  length.  In  the  case  of  a  single  through-crack  (or  if  the  crack  interaction  effect  is  negligible), 
Ko  equals  unity.  In  the  case  of  multiple  cracks,  Ko  is  a  measure  of  the  effect  of  the  crack  interactions  on  stress- 
intensity  factor,  and  Ko  may  be  greater  than,  less  than,  or  equal  to  unity. 


With  regard  to  a  pair  of  collinear,  equal  length  cracks  in  a  tensile  stress  field  normal  to  the  cracks  (Figure  2-187),  the 
effect  of  the  interaction  is  to  raise  Ko  above  unity  at  all  the  crack  tips.  Furthermore,  when  tach  of  a  pair  of  equal 
cracks  is  parallel  to  the  other,  and  the  applied  tensile  stress  is  perpendicular  to  the  cracks  '  ire  2-188),  the  effect 
of  the  interaction  is  to  decrease  K0  below  unity.  The  decrease  of  Ko  below  unity  is  a  rest’1  r  one  crack  successfully 
shielding  the  other  crack  from  the  applied  tensile  stress  field. 


Figure  2 ■  19b.  Straus  Intensity  Factor  at  the  Inner  and  Outer  Edge  of  the 
Collinear  Cracks  (All  Cracks  Equal  Length) 
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Figure  2 - 196.  Stress  Intensity  Factor  for  the  Upper  and  Lower  Cracks 

In  contrast  to  the  two  equal  parallel  cracks  in  Figure  187  is  the  case  with  three  equal  parallel  cracks  in  Figure  189. 
As  a  result  of  the  interaction  of  the  central  crack  with  the  other  two  cracks,  the  stress  intensity  factor  at  the  outer 
cracks  is  somewhat  reduced  from  the  values  in  Figure  187.  Furthermore,  the  outer  cracks  shield  the  inner  crack, 
which  has  a  stress  intensity  factor  (Figure  189)  substantially  below  that  of  an  outer  crack. 

The  single  crack,  the  pair  of  collinear  cracks,  and  the  pair  of  parallel  cracks  may  be  taken  as  the  starting  point  of  an 
investigation  of  the  effect  of  the  interaction  of  multiple  mack,,  having  more  comple:;  geometrical  patterns.  When  a 
pair  of  collinear  cracks  is  superimposed  on  a  pair  of  parallel  cracks  (Figure  2-190),  the  net  effect  of  the  interaction 
depends  on  the  length  of  the  crack  as  well  as  the  spacings  between  the  cracks.  For  the  geometry  in  Figure  2-190,  K 
will  be  less  than  unity  if  the  parallel  cracks  have  a  greater  effect  on  the  interaction  than  the  collinear  cracks  have® 
Shielding  is  effective  (i.e.,  K0>  1)  if  the  parallel  spacing  parameter  D/2St  is  greeter  than  0.5,  even  in  cases  for  which 
the  collinear  spacing  parameter  D/Sl  is  os  large  as  3/4  (where  D  is  the  crack  length  transverse  to  the  stress  field). 

The  line  of  centers  of  parallel  racks  of  equal  length  does  not  have  to  be  parallel  to  the  applied  stress  in  order  to 
produce  efiective  shielding  (i.t.,  vrp>!).  The  normalized  stress  intensity  factors  at  the  inner  and  outer  edges  of  a 
pair  of  collinear  cracks  that  interact  with  each  other  and  a  crack  that  is  parallel  to  each  of  them  are  shown  in  Figure 
2-191.  For  some  combinations  of  D/Sl  and  D/2St  the  shielding  by  the  lower  crack  results  in  K0  less  than  unity. 
However,  for  other  combinations  of  D/Sl  and  D/2Vy  the  shielding  is  not  effective  (i.e.,  K0<  1). 

The  effect  of  the  shielding  by  the  collinear  cracks  on  the  single  crack  beneath  them  is  shown  in  Figure  2-192.  As  a 
result  of  the  interaction,  K0  at  the  crack'edges  of  the  lower  crack  may  be  greater  than,  equal  to,  or  less  than  unity. 

The  pattern  of  the  five  cracks  in  Figures  2-193  and  2-194  differs  from  the  pattern  of  three  cracks  only  because  of 
the  additional  pair  of  collinear  cracks.  It  appears  that  the  added  shielding  resulting  from  the  additional  pair  of 
collinear  cracks  lowers  the  stress  intensity  factor  at  the  outer  cracks  for  all  combinations  of  D/.cl  end  D/2Sq-. 
However,  the  regular  pattern  of  the  additional  shielding  raises  the  stress  intensity  factor  at  the  edges  of  the  central 
crack  of  the  five  cracks  for  many  combinations  of  D/Sl  ant*  D/ 2dj. 
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In  contrast  to  the  three-crack  pattern  is  the  four-crack  pattern  of  Figures  2-19.1)  and  2-196.  The  additional  crack  is 
parallel  to  the  other  cracks  and  results  in  a  diamond  pattern.  The  introduction  of  the  fourth  crack  increases  the 
stress  intensity  factor  at  the  edges  of  the  collinear  cracks  for  many  combinations  of  D/Sl  and  D/2St-  However,  the 
introduction  of  the  fourth  crack  tends  to  reduce  the  stress  intensity  factor  at  the  edges  of  the  other  non-collinear 
crack. 

The  multiple  crack  patterns  in  Figures  2-187  through  2-196  are  much  too  regular  to  simulate  the  flaws  that  can  be 
induced  by  the  detonation  of  a  high  explosive  projectile  in  a  structural  compartment.  However,  some  of  the  analytic 
results  that  are  exhibited  may  be  generalized  for  application  when  there  are  many  penetrations  of  the  structure.  For 
example,  when  there  is  a  high  density  of  damages  in  a  plate,  it  may  be  hypothesized  that  the  outer  cracks 
successfully  shield  the  cracks  in  the  interior  (i.e.,  K0  will  be  less  than  unity  for  the  cracks  throughout  the  interior  of 
the  damaged  zone). 


When  fragment  penetrations  occur  following  an  internal  blast  of  a  high  explosive  projectile,  there  is  uncertainty  as  to 
the  exact  location  of  the  largest  fragment  penetrations,  especially  from  the  side  spray.  However,  it  is  clear  that  if 
the  shielding  of  the  interior  flaws  is  effective,  the  most  severe  strength  degradation  will  occur  if  the  largest  cracks 
occur  on  the  periphery  of  the  penetration  zone  and  are  oriented  in  such  a  way  as  to  promote  the  onset  of  fracture. 
Therefore,  in  analyses  for  predicting  the  onset  of  fracture  when  there  is  a  densely  penetrated  zone,  one  may  assume 
that  the  most  damaging  flaws  and  cracks  are  located  on  the  periphery  of  the  predicted  penetration  zone  with  the 
cracks  oriented  in  such  directions  that  will  induce  an  early  fracture. 

Because  of  the  projectile  velocity  and/or  the  target  plate  properties  such  as  thickness,  there  may  be  situations  v  hen 
there  is  a  sparsely  penetrated  zone  rather  than  a  densely  penetrated  zone.  When  there  is  sparse  penetration,  Figures 
2-187  through  2-196  may  be  used  without  extrapolations  for  predicting  the  intei action  effect  on  the  stress  intensity 
factors. 

2. 5. 1.1.3  Additional  Factors  Influencing  Tensile  Fracture 

Alt!  ougli  damage  geometry  and  spacing  are  the  most  unique  factors,  there  are  other  important  factors  which  must  be 
considered  in  any  applicatior.  of  fracture  mechanics.  For  example,  testing  has  shown  that  material  chemistry 
variations  within  the  allowable  composition  limits  produce  significant  variations  in  fracture  thoughness.  In  addition, 
fracture  toughness  values  vary  with  the  grain  (rolling)  direction.  The  degree  and  direction  of  variation  is  dependent 
on  the  material  and  heat  treatment  considered.  The  differences  resulting  from  grain  directions  can  be  as  large  as 
two  to  one  for  many  structural  materials,  with  the  short  transverse  direction  (i.e.,  through  the  thickness)  generally 
experiencing  the  low  values.  When  evaluating  structural  periormance,  care  should  be  exercised  to  obtain  data  for  the 
same  crack  and  load  orientations.  Additional  factors  influencing  fracture  toughness,  including  plasticity,  thickness, 
temperature,  and  reactive  environment,  are  summarized  below. 

Effects  of  Plasticity 

The  assumptions  of  linear  elastic  behavior  are  not  strictly  true  in  many  cases  due  to  the  plasticity  near  the  crack  tip. 
For  the  critical  case  of  brittle  behavior,  the  plastic  zone  is  small  and  the  inaccuracies  of  the  analvsis  due  to 
plasticity  are  assumed  to  remain  constant  for  a  given  material  and  thickness,  thereby  allowing  the  use  of  the  analysis 
method  in  these  terms.  In  cases  where  the  plastic  zone  at  the  crack  tip  is  a  significant  fraction  of  the  crack  length, 
however,  the  plasticity  will  alter  the  crack-length/stress  relationships  presented.  This  situation  may  exist  for  small 
cracks  or  for  materials  that  exhibit  large  plasticity.  In  these  cases  additional  empirical  data  is  required  for 
predicting  failure  stress  levels. 

Effect  of  Panel  Thickness 

Panel  thickness  has  a  significant  influence  on  fracture  behavior.  In  thin-gage  panels  the  crack  tip  is  in  plane  stress, 
while  plane-strain  conditions  exist  in  thicker  panels  due  to  the  increased  constraint.  The  thin  panels  fracture  by 
shear,  resulting  in  an  inclined  fracture  face.  Thick  panels  fail  by  plane-strain  cleavage  (opening  mode),  resulting  in  a 
flat  fracture  surface.  The  opening  mode  (cleavage)  critical  stress  intensity  factor  is  termed  Kic  or  "the  plane-strain 
fracture  toughness".  Due  to  the  increased  plasticity  (less  constraint),  the  plane  stress  fracture  toughness,  Kc>  result 
in  higher  toughness  for  thin-gege  materials.  With  intermediate  panel  thicknesses  there  is  a  transition  where  the 
fracture  surface  will  be  partially  flat.  This  effect  of  thickness  is  illustrated  in  Figure  2-197.  Figure  2-198  presents 
fracture  toughness  values  from  References  2-71,  -72,  -73  for  several  structural  materials  as  a  function  of  thickness. 


PLANE  STRESS- 
INCLINED  FRACTURE 


Qm,xed3 

COMBINED  FRACTURE  FACE 
INCLINED  AND  FLAT 

PLANE  STRAIN- 
FLAT  FRACTURE 


THICKNESS,  t 


Figure  2-197.  Typical  Fracture  Toughness 
Variation  with  Thickness 


Figure  2- 198.  Variation  of  Fracture  Toughness 
With  Thickness 
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Effect  of  Temperature 

The  influence  of  temperature  has  a  notorious  history  in  the  performance  of  cracked  structures.  A  classic  example  of 
this  is  the  temperature-augmented  fracture  of  the  Liberty  Ship  hulls  of  World  War  11.  Aircraft  structure  in  service 
operates  in  a  wide  range  of  environments.  These  environments  must  be  considered  in  the  residual  strength  analysis  to 
ensure  realistic  performance  estimates. 


Generally,  fracture  toughness  will  decrease  with  decreasing  temperature.  An  example  of  extreme  temperature- 
sensitive  fracture  response  produced  by  unusual  processing  is  shown  in  Figure  2-199.  Available  data  (References  2-71 
through  2-78)  for  fracture  toughness  (Kc)  as  a  function  of  temperature  for  several  structural  materials  are  presented 
in  Figures  2-200  and  2-201.  The  data  shown  are  not  allowables,  but  they  do  define  trends  for  the  materials 
considered.  This  information  can  be  used  in  residual  strength  predictions  for  damaged  structure.  It  is  anticipated 
that  impact-fracture  behavior  will  follow  the  same  trend. 


Figure  2-199,  Temperature  Sensitive  Fracture  Response 


TEST  TEMPERATURE,  °F 
Thin  2024-T81  n  Test  Temperature 


Titanium  6  AI-4  V  Mill  Anneal  vs  Temperature 


TEST  TEMPERATURE,  °F 
707S-T6  vs  Temperature 


9  Ni-4  C0  -  ,3C  h.T.  220-240  vs  Temperature 
Figure  2-200,  Fracture  Toughness  Variation  With  Temperature 
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Figure  2-201.  Fracture  Toughness  Variation  With 
Temperature 


Effect  of  Reactive  Environment 

Possible  reactive  environments  applicable  to  aircraft  structure  include  high  humidity,  water,  salt  solution,  cleaning 
solvents,  fuel  and  hydraulic  fluids.  Structural  materials  that  have  cracks  and  are  exposed  to  reactive  environments 
have  demonstrated  quite  different  behavior  than  that  for  basic  undamaged  materials.  An  example  of  this  is  titanium 
alloy  8AI-IM0-IV.  Smooth  specimens  have  shown  a  high  resistance  to  stress  corrosion  in  salt  water.  However, 
specimens  with  a  crack  have  failed  in  salt  water  at  loads  significantly  below  the  failure  load  in  air.  These  failures 
result  from  the  combination  of  stress  and  environment  at  the  crack  tip  causing  the  crack  to  extend  with  time. 
Titanium  alloys  and  high-strength  steels  are  subject  to  this  behavior  for  certain  conditions.  An  example  of  extreme 
stress  corrosion  cracking  behavior  is  shown  by  the  data  presented  in  Figure  2-202. 

The  data  for  stress  corrosion  cracking  is  usually  presented  as  shown  in  Figure  2-203  for  titanium  6A1-4V.  The  data 
from  Reference  2-77  define  the  time  to  failure  for  given  initial  values  of  stress  intensity  factor.  As  can  be  seen 
there  is  a  threshold  value  for  stress  corrosion  cracking  (KISCC).  Test  data  for  several  steels  from  Reference  2-78 
are  presented  in  Figure  2-204  for  a  simulated  sea  water  environment.  Aluminum  alloys  generally  are  more  resistant 
to  stress  corrosion  cracking  behavior.  These  data  were  obtained  in  the  short  transverse  loading  direction  for  a  salt 
water  spray  environment.  Figure  2-205  presents  some  results  from  Reference  2-79  where  the  growth  rate  is  related 
to  the  stress  intensity  factor  K. 


Figure  2-202.  Titanium  8  At- IV- iMO  in  3.5 %  Nad  Sustained 
Load  Behavior 


o.l  1  TO  Too  iooo 

TIME  TO  FAILURE  IN  3.5%  N«CI  SOLUTION  (MINUTES! 

Figure  2-203.  Sustained- Loading  Behavior  Ti-6  AI-4  V,  Mil  Annealed, 
0125-Inch  Thick 


Figure  2-204.  Sustained  Loading  Behavior  for  Several  Steels 


1  2  5  10  20  SO  100 

STRESS  INTENSITY  FACTOR,  KSI  V|N" 


Figure  2-205.  Sustain  Load  Stress  Corrosion  Cracking  Behavior 
of  Several  Aluminum  Alloys 


2.5.1. 2  Modified  Fracture  Mechanics  Approach 

This  section  presents  several  residual  strength  methods  which  are  modifications  of  the  conventional  fracture 
mechanics  approach  described  in  Section  2. 5. 1.1.  These  methods  have  proved  useful  in  predicting  the  residual  tensile 
strength  of  metallic  and  fiber  composite  structure  containing  projectile  damage.  The  first  modified  approach 
discussed  (2. 5. 1.2.1)  makes  use  of  an  effective  critical  stress  intensity  factor  for  projectile  damage.  This  parameter 
is  determined  empirically,  and  is  used  in  lieu  of  the  critical  stress  intensity  factor  Kc*  The  second  topic  presented 
(2.5. 1.2.2)  addresses  additional  analysis  methods  for  predicting  the  residual  tensile  strength  of  projectile  damaged 
fiber  composite  panels.  These  methods  are  included  in  this  section  because  they  are,  indeed,  modifications  of 
conventional  linear  elastic  fracture  mechanics  analysis. 

2.5.1.2.1  Effective  Critical  Stress  Intensity  Factor  For  Projectile  Damage 

As  mentioned  in  the  previous  sections,  ballistic  damage  is  physically  dissimilar  to  -sharp-edged  cracks,  and  the 
geometry  of  ballistic  damage  is  complex  and  difficult  to  predict  by  available  analysis  methods.  As  described  in 
2. 5. 1.1.1,  the  successful  application  of  conventional  fracture  mechanics  analysis  to  ballistic-induced  damage 
consisted  of: 


1.  Determining  a  value  of  Kc  for  the  material  by  conventional  fracture  toughness  tests  using  sharp-edged  cracks; 

2.  Determining  measures  of  damage  that,  when  used  as  effective  crack  lengths,  provide  accurate  prediction  of  the 
critical  fracture  of  the  ballistic  damaged  panel. 

The  advantage  of  this  approach  is  that  it  makes  use  of  available  fracture  toughness  data,  i.e.,  values  of  Kc  are 
generally  available,  or  are  routinely  determined  as  part  of  the  structural  development  of  an  aircraft.  The 
disadvantage  is  the  difficulty  of  determining  stress  intensity  factor  relationships  for  complex  ballistic  damage  shapes, 
and  then  developing  the  further  analysis  capability  needed  to  relate  the  ballistic  damage  geometry  to  the  projectile 
impact  conditions  and  the  structural  configuration.  This  latter  capability  is  important,  since  the  final  analytical 
objective  entails  predicting  residual  strength  given  the  projectile  impact  conditions  and  the  structural  configuration. 


In  view  of  this,  a  more  direct  approach  was  taken  in  the  work  reported  in  References  2-2  and  2-8,  by  adopting  a 
simple  measure  of  damage  as  the  effective  crack-length,  treating  all  ballistic  damages  as  central  cracks,  and 
empirically  determining  an  effective  critical  stress  intensity  factor  from  tensile  tests  of  ballistic  damaged  panels. 
The  measure  of  damage  used  in  this  approach  (Ref.  2-2)  is  the  transverse  lateral  damage,  i.e.,  the  maximum  extent  of 
structurally  significant  damage  (holes,  cracks,  spall)  transverse  to  the  applied  tensile  stress.  The  effective  critical 
stress  intensity  factor,  called  Ac  herein  and  in  Reference  2-2,  is  defined  as: 


(Eqn.  2-129) 


oc  =  gross  stress  at  failure 

TLD  =  maximum  transverse  damage,  as  shown  in  Figure  2-206. 


Figure  2-206.  Critical  Stress  Intensity  Factor  for  Projectile  Damage 
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Values  of  Ac  For  Metallic  Structure 


Numerical  values  of  Ac  must  be  determined  experimentally  from  tension  tests  of  damaged  panels.  The 
experimentally  determined  critical  stress  and  the  initial  transverse  damage  size  are  used  in  Eq.  2-129to  calculate  Ac- 
Reference  2-2  presents  a  detailed  analysis  of  Ac  determinations  lor  2024-T81,  7075-T6,  and  6A1-4V.  The  average 
values  of  Ac  obtained  are  summarized  in  Table  2-30.  It  is  felt  that  these  values  of  Ac  are  representative  of  the 
materials  tested,  and  may  be  used  for  more  accurate  predictions  of  residual  strength  than  may  be  obtained  from 
lower-bound  predictions  using  the  fatigue-crack  stress  intensity  factor,  Kc.  The  test  data  is  presented  in  Tables  2-31 
and  2-32,  consisting  of  over  80  fracture  tests  including  a  wide  range  of  panel  thicknesses.  The  predominant  projectile 
used  in  these  tests  was  .50  caliber  AP  impacting  at  velocities  between  1200  end  1600  feet  per  second. 


Table  2-30.  Values  of  Ac  for  Several  Metals 


MATERIAL 

\ 

0ul>ArO 

STANDARD 

DEVIATION 

(Edv/ST) 

STANDARD 

ERROR 

OF  THE 

MEAN 

Ouh/Wi.) 

NUMBER 

OF  TESTS 

2024-T81 

(TRANSVERSE  GRAIN) 

53.8 

8.3 

4.2 

4 

7075-T8 

(TRANSVERSE  GRAIN) 

8S.8 

12.8 

2  JB 

20 

7076-T8 

(LONGITUDINAL  GRAIN) 

81.9 

14.8 

2.7 

31 

8  AI-4V 

(TRANSVERSE  GRAIN) 

182  j0 

26.B 

5.3 

23 

Table  2-31.  Experimental  Data,  Residual  Static  Fracture 


BALLISTIC  THREAT 

■UiUj 

Mi 

TARGET 

MATERIAL 

TOTAL 
NO.  OF 
TESTS 

TARGET  THICKNESS  (INCHES) 

(AND  NUMBER  OF  TESTS  AT  THICKNESS) 

PROJECTILE 

TYPE 

MEAN 

IMPACT 

VELOCITY 

(FPS) 

MEAN 

TLD 

W 

MEAN 

<!p 

CM 

CO 

O 

40 

o 

* 

8 

O 

£ 

in 

CM 

O 

WO 

* 

8 

r 

o 

in 

CM 

trj 

CO 

o 

o 

if) 

8 

r-» 

EB 

1 

.50 

CAL 

AP 

.50 

CAL 

BALL 

20 

MM 

7075-T6 

TRANSVERSE 

GRAIN 

20 

3 

1 

2 

1 

0) 

3 

5 

2 

2 

1 

15 

3 

2 

1353 

0.204 

0.537 

7075- T6 

LONGITUDINAL 

GRAIN 

31 

1 

1 

2 

_ 

1 

0) 

4 

| 

1 

H 

1 

27 

a 

1 

1543 

0.191 

0.757 

2024-T81 

transverse 

GRAIN 

■ 

1 

1 

1 

1 

1 

1 

a 

■ 

1 

1292 

0.200 

0.479 

2024-T81 

LONGITUDINAL 

GRAIN 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

i 

i 

1 

1270 

0.303 

0.533 

2024- T3 

TRANSVERSE 

GRAIN 

1 

1 

1 

1 

1 

1 

1 

1 

l 

a 

■ 

1 

1500 

0.158 

0.895 

6A1-4V 

TRANSVERSE 

GRAIN 

23 

2 

| 

fl 

1 

n 

1 

1 

1 

19 

I 

3 

1559 

0.204 

0.759 

6A1-4V 

LONGITUDINAL 

GRAIN 

1 

1 

1 

1 

i 

1 

1 

1 

1 

i 

1 

632 

0.093 

0.800 

(2)  SOURC  REFERENCE  (2-68) 

(3)  SOURCE.  REFERENCE  (2-8) 
(1)  SOURCE:  REFERENCE  (2-66) 


Table  2-32.  Calculations  for  Rasidua.  , tatic  Fracture  Modal 


TARGET 

TEST 

TARGET 

TARGET 

WIDTH  X 

PROJECT- 

IMPACT 

IMPACT 

TLD 

TLD 

®e 

Ac 

NO. 

MATERIAL 

THICKNESS 

LENGTH 

ILE 

VELOCITY 

ANGLE 

(IN) 

W 

(KSlVlN) 

(IN) 

(IN) 

TYPE 

(fps) 

(DEGREES) 

(KSI) 

REF. 

707 5- T6 

0,032 

12 

36 

.50  AP 

576 

0 

3.50 

0.291 

20.0 

46.9 

2- 

2 

TRANSVERSE 

0.032 

1 2-  X  36 

.50  AP 

1310 

0 

1.53 

0.128 

37.8 

58.6 

GRAIN 

0.032 

12 

36 

,50  AP 

1105 

60 

1.44 

0.120 

41 .0 

61.7 

0.063 

12 

36 

.50  AP 

1875 

0 

1.05 

0.087 

48.9 

62.9 

0.090 

12 

36 

.50  AP 

1216 

0 

2.16 

0.160 

41.2 

76.0 

0.090 

12 

36 

.50  AP 

1017 

60 

2.70 

0.225 

29.4 

60.6 

0.125 

12 

X  36 

.50  AP 

1248 

0 

4.10 

0.342 

23.8 

60.5 

0.125 

12 

36 

.50  AP 

1369 

0 

2.30 

0.192 

34.0 

64.6 

0.250 

12 

X  36 

.50  AP 

1410 

0 

3.70 

0.308 

25.0 

60.3 

0.250 

12 

X  36 

,.50  AP 

1644 

0 

1.90 

0.159 

37.5 

64.6 

0.250 

12 

X  36 

20  mm 

1370 

0 

1.58 

0.132 

49.4 

77.8 

0.250 

12 

X  36 

20  mm 

316 

0 

1.80 

0.150 

35.3 

59.4 

0.250 

12 

X  36 

.50  AP 

1985 

0 

0.84 

0.070 

51.9 

59.6 

0.375 

9 

X  36 

.50  AP 

1650 

0 

2.40 

C.267 

52.0+ 

101.0+ 

0.375 

9 

36 

.50  AP 

1580 

0 

3.55 

0.395 

29.6 

70.0 

0.500 

7 

36 

.50  AP 

2040 

0 

1.60 

0.229 

45.0 

71.3 

0.500 

7 

36 

.50  AP 

1840 

0 

1.73 

0.247 

51.0+ 

84.0+ 

REF. 

7075 

-T6 

0.190 

18 

X  36 

.50  BALL 

mi 

0 

4.80 

0.267 

23.7 

65.2 

2- 

55 

TRANSVERSE 

C.190 

18 

26 

.50  BALL 

1127 

0 

2.60 

0.144 

30.7 

62.6 

GRAIN 

0.190 

18 

X  36 

.50  BALL 

1250 

0 

2.70 

0.150 

u_ 

21.5 

44.3 

REF. 

7075- T6 

0.090 

12 

X  36 

.50  AP 

1120 

20 

1.46 

0.122 

52.0 

78.8 

2- 

2 

LONGITUDINAL 

0.125 

12 

X  36 

1 

870 

0 

1.52 

0.127 

58.6 

90.5 

GRAIN 

0.125 

12 

X  36 

t 

1082 

0 

2.35 

0.195 

43.3 

83.2 

0.375 

9 

X  36 

.50  AP 

1370 

0 

1.50 

0.167 

56.6 

86.9 

1  REF. 

U.190 

18 

36 

.50  BALL 

677 

0 

3,45 

0.192 

29.3 

68.3 

2- 

55 

0.190 

18 

36 

.50  BALL 

1 1 75 

0 

2.85 

U.159 

45.0 

95.2 

0.190 

18  X  36 

.50  BALL 

1105 

0 

1.70 

0.094 

41.5 

67.9 

0.190 

18  X  36 

.50  8ALL 

1265 

0 

3.35 

0.186 

28.5 

65.5 

REF. 

0.250 

12  X  32 

.50  AP 

1265 

0 

1.87 

0.157 

53.8 

92.0 

2- 

8 

0.250 

12  X  32 

.50  AP 

1351 

0 

1.45 

0.122 

60.7 

91.9 

0.250 

12  X  32 

.50  AP 

1320 

0 

2.24 

0.188 

49.8 

93.4 

0.25C 

12 

32 

.50  AP 

1381 

0 

2.42 

0.204 

45.4 

78.7 

0.250 

12 

32 

.50  AP 

1266 

0 

1.91 

0.151 

62,3 

107.9 

0.250 

16 

32 

.50  AP 

1333 

60 

2.85 

0.179 

48.2 

102.-2 

0.250 

16 

32 

.50  AP 

1408 

60 

3.58 

0.225 

40.1 

95.0 

0.500 

12 

32 

.50  AP 

1787 

0 

1.79 

0.150 

58.1 

97.3 

0.500 

12 

32 

.50  AP 

1810 

0 

1.58 

0.133 

64.8 

102.0 

0.500 

6  X  32 

.50  AP 

1821 

0 

1.70 

0.213 

60.7 

99.2 

0.500 

12  X  32 

.50  AP 

1779 

0 

1.47 

O’.  124 

56.5 

86.0 

0.500 

12 

32 

.50  AP 

1817 

40 

1.86 

0.156 

51.5 

88.0 

0.500 

12  > 

32 

.50  AP 

1804 

40 

1.92 

0.162 

47.8 

83.0 

0.500 

12 

32 

.50  AP 

1301 

40 

2.14 

0,180 

38.5 

70.6 

0.500 

12 

32 

.50  AP 

1819 

40 

1.95 

0.164 

41.4 

72.6 

0.750 

8  X  32 

.50  AP 

1936 

0 

2.17 

0.27) 

64.3 

118.5 

0.750 

8 

32 

,50  AP 

1976 

0 

2.12 

0.265 

62.8 

114.3 

0.750 

8  X  32 

.50  AP 

1941 

0 

2.25 

0.281 

57.6 

108.2 

0.750 

8 

32 

.50  AP 

1920 

0 

1.91 

0.239 

51.7 

89.6 

0.750 

8  X 

32 

.50  AP 

1920 

15 

2.19 

0.274 

62.0 

115.0 

7075-T6 

0.750 

8 

32 

.50  AP 

1916 

15 

2.31 

0.289 

63.0 

120.0 

LONGITUDINAL 

0.750 

8 

32 

.50  AP 

1937 

15 

2.14 

0.268 

5517 

102.0 

GRAIN 

0.750 

8  X 

32 

.50  AP 

1912 

15 

2.32 

0.290 

44.5 

85.0 

REF. 

2024-T81 

TRANSVERSE 

GRAIN 

0.160 

12  X  36 

.50  AP 

"  1  285' 

0 

1.30 

0.108 

41 .8 

59.7 

0,250 

12 

36 

.50  AP 

1080 

0 

2.75 

0.229 

27.5 

57.3 

L 

0.250 

12  X  36 

,50  AP 

1364 

0 

3.15 

0.263 

20.4 

45.3 

0.250 

12  X  36 

.50  AP 

1438 

0 

3.15 

0.263 

23.4 

52.0 

2024-T81  LONG- 

0.250 

12  X  36 

.50  AP 

1270 

0 

3.64 

0.303 

31.4 

75.1 

ITUDINAL  GRAIN 

2024-T3  TRANS¬ 
VERSE  GRAIN 

0.250 

12  X  36 

.50  AP 

1500 

0 

1.90 

0.1583 

45.0 

77.5 

fiAl  -4 V 

0.032 

12 

36 

.50  AP 

1680 

60 

1.40 

0.1167 

96.2 

142.8 

TRANSVERSE 

0.032 

.30  AP 

1489 

60 

2.67 

0,223 

63.1 

129.5 

AGAIN 

0.090 

.50  AP 

727 

0 

2.68 

0.223 

90.6 

186.0 

0.090 

.50  AP 

1165 

0 

5.95 

0.496 

49.5 

151.4 

0.090 

.50  AP 

888 

0 

3.90 

0.325 

82.5 

204.0 

0.090 

.50  AP 

1225 

0 

2.40 

0.200 

100.3 

195.0 

0.090 

20  MM 

1211 
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Average  values  of  Ac/Ftu  were  found  tor  each  material.  In  addition,  statistical  data  was  generated  for  each 
material  to  establish  allowable  values  as  presented  below; 


MATERIAL 

AVERAGE 

STANDARD 

DEVIATION 

.90  CONFIDENCE 
.90  PROBABILITY 

Graphite/Epoxy 

0.574 

0.098 

0.393 

Boron/Epoxy 

0.509 

0.059 

0.401 

A  very  significant  result  was  determined  concerning  the  numerical  due  of  Ac  f°r  graphite  and  boron/epoxy 
laminates,  and  this  has  been  further  substantiated  by  subsequent  data.  Most  test  data  involving  the  0,+45,90  layup 
family  (with  0-degree  fibers  in  the  tensile  direction)  can  be  correlated  well  using  a  constant  value  for  the  ratio 
A c / F tu •  The  value  selected  for  best  overall  correlation  was: 


A  r 

= —  =  0.5  (Approximately). 
Ftu 


(Eqn.  2-131) 


This  results  in  the  following  expression  for  residual  tensile  strength: 


Ac  _  0.5  .  0^40 

Ftu  J  |TLD  ^TLD 


(Eqn.  2-132) 


The  above  relationship  provides  a  simple  and  useful  method  for  predicting  the  residual  tension  strength  of  ballistic 
damaged  laminates  that  are  controlled  by  0-degree  fibers  in  the  tensile  direction. 


Application  of  Ac  in  Residual  Strength  Assessment 

Once  values  of  At  have  been  established  which  reflect  the  impact  conditions  and  structural  materials  of  interest, 
they  are  used  in  lieu  of  Kc  in  residual  strength  assessment.  The  transverse  effective  damage  is  used  as  the  crack 
length,  and  this  may  be  obtained  from  the  damage  prediction  analysis  methods  presented  in  this  Manual.  The  success 
of  this  approach  depends  in  part  on  the  degree  of  scatter  in  experimental  values  of  Ac.  This  scatter  has  been  found  to 
be  small  enough  that  Ac  can  bo  regarded  as  a  pseudo-material  property  within  the  range  of  ballistic  conditions 
investigated.  (Ref.  2-2) 


Several  programs  (References  2-2,  2-12,  2-55,  2-4,  2-65  and  2-67)  have  investigated  the  correlation  between  Ac  and 
Kc.  Experimental  values  of  Kc  were  determined  in  References  2-7  and  2-55  from  specimens  also  used  for  ballistic 
strength  testing,  providing  a  direct  comparison  of  Kc  and  Ac.  The  results  from  Reference  2-55  are  shown  in  Figure 
2-211  for  both  transverse-  and  longitudinal-grain  C.l 90-inch  7075-T6.  Although  the  residual  strength  behavior  of  the 
b.  ;istic  damaged  panels  is  much  closer  to  notch-sensitive  than  notch-insensitive  response,  all  the  data  points  are 
clearly  in  the  transition  region. 


A  RESIDUAL  STRENGTH  OF 
IMPACT  DAMAGED  PANEL 
7075-T8  (TRANSVERSE  GRAIN) 
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Ac  ’  57  ksiVTn" 
Kc  -  39  ksi  vTTT 


234  56  7  8  9  10 

TRANSVERSE  LATERAL  DAMAGE  (in) 


12 


7075-T6  (LONGITUDINAL  GRAIN) 
0.60  AP  PROJECTILE  IMPACTS 
0.19-  x  18-  x  36-in  PANELS 


2  3  4  5  6  7  8  9  10  11  12 

TRANSVERSE  LATERAL  DAMAGE  (In) 


Figure  2-21 1.  Comparison  of  Ballistic  Damage  I  \c  )  and  Fatigue  Damage  (Kc)  Residual  Strength 
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It  is  believed  that  this  behavior  is  typical  and  that  the  relative  magnitude  of  Ac  depends  primarily  upon  the  extent  of 
cracking  inflicted  by  the  impact.  In  general,  the  tendency  to  crack  decreases  as  thickness  increases  beyond  a  t/d 
ratio  of  approximately  li3.  Consequently,  it  would  be  expected  that  the  fracture  response  of  impact  damaged  sheets 
will  appear  to  be  more  notch-insensitive  as  thickness  is  increased.  The  available  experimental  data  confirm  this 
expectation,  as  mav  be  seen  from  Figures  2-212  and  2-213  for  7075-T6.  These  figures  compare  Ac  with  values  of  Kr 
obtained  from  References  2-72  and  2-73.  The  values  of  A  c  were  computed  from  References  2-2,  2-23,  2-63,  2-8  and 

Figures  2-212  and  2-213  can  also  be  used  to  demonstrate  the  probable  effects  of  fatigue  cycling  on  the  residual 
strength  of  ballistic  damaged  panels,  since,  A  c  defines  the  strength  with  projectile  damage  while  K  defines  the 
strength  with  a  fatigue-sharpened  notch.  As  shown  by  the  data,  for  thicker  gages  the  value  of  Kc  is  much  lower  than 
Ac*  Cyclic  loading  can  produce  a  significant  reduction  in  strength  by  changing  the  character  of  the  damage  without 
a  significant  increase  in  damage  size.  This  may  occur  quickly  (with  few  cyclic  load  applications)  making  it 
appropriate  to  use  Kc  rather  than  Ac  for  residual  strength  evaluations  at  times  other  than  immediately  after  threat 
exposure,  to  assure  conservatism.  The  reader  should  also  refer  to  2.5.1. 3.1  at  this  point,  as  it  is  shown  there  that 
dynamic  effects  induced  by  the  existence  of  applied  tensile  stress  at  the  time  of  impact  also  cause  an  apparent 
reduction  in  Ao 


PANEL  THICKNESS  (In) 


Figure  2-212.  Comparison  ofhc  •nd  Kc  for  Long  Transverse  Grain  707S-T6 


PANEL  THICKNESS  (in) 

Figure  2-213.  Comparison  of  Scand  Kc  for  Longitudinal  Grain  7075-T6 
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2. 5- 1.2. 2  Additional  Residual  Strength  Prediction  Techniques  for  Fiber  Composites 

Reference  2-17  describes  several  analysis  methods  for  predicting  the  residual  tensile  strength  of  ballistic  damaged 
advanced  fiber  composites,  chiefly  grapiiite/epoxy.  These  methods  are,  in  most  cases,  modified  versions  of  linear 
elastic  fracture  mechanics.  None  of  the  methods  are  completely  verified  by  test,  reflecting  the  overall  uncertainties 
with  regard  to  predicting  failure  in  these  materials,  regardless  of  the  source  of  damage. 

Method  #1.  This  method  was  developed  by  K.  King  (Ref.  2-12),  using  experimental  data  from  several  sources, 
including  laminates  damaged  by  ballistic  projectiles,  sawcuts,  and  drilled  holes.  The  approach  is  fully  documented  in 
Ref.  2-12  and  applies  to  composite  laminates  containing  0-degree  fibers  that  control  the  laminate  strength  and 
stiffness  in  the  tensile  direction.  There  are  many  applications  of  this  type  of  laminate  in  aircraft  design,  including 
the  0,+45,90  family,  and  +45  graphite  hybridized  with  0-degree  fiberglass  or  Kevlar. 

The  prediction  can  be  expressed  in  the  following  way: 

—  =  0.397  (^)//3  <TDe{f)2/3  (Eqn.  2-13.3) 


where, 

R  =  Critical  stress  ratio 

°c 

p~ ,  with 

tu 

=  gross  tension  stress  causing  fracture 
F  r  ultimate  tensile  strength  of  laminate  (undamaged) 

Modulus  of  elasticity  of  a  uniaxial  laminate  of  the  0-degree  material 
Shear  modulus  of  elasticity  of  the  hybrid  laminate 

The  length  of  the  effective  ballistic  damage  transverse  to  the  applied  tension  stress  field  (inches),  i.e., 
length  of  a  sharp-edged  crack  causing  equivalent  structural  degradation, 

TDe{{  =  LDen  for  *arn‘na,e  thicknesses  (Eqn.  2-16,  page  77) 

t  his  model  was  formulated  from  residual  strength  testing  of  laminates  having  a  wide  range  of  fiber/resin  systems  and 
layup  configurations.  The  formulation  incorporates  the  following  assumptions! 

a.  The  model  applies  only  to  laminates  whose  tensile  strength  and  stiffness  is  controlled  by  0-degree  fibers; 

b.  The  stress  distribution  in  the  vicinity  oi  the  damage  is  parabolic,  with  ultimate  stress  at  the  damage  tip  when 
fracture  initiates  at  the  critical  gross  stress. 

c.  The  region  of  stress  concentration  extends  away  from  the  damage  tip  to  a  lateral  distance  determined  by  the 
parameters  Oc/Ftu,  G,  and  1/Eq. 

The  relationship  may  also  be  written  as: 

^c  _ 1 _ 

Ftu  1  +  (0.397)  (^)2/3<TDff)2/3  (Eqn.  2-134) 

G  eft 

As  seen  above,  the  method  predicts  thal  the  ratio  of  fracture  stress  to  ultimate  strength  depends  on  E0/G,  and  the 
damage  size.  In  an  all-graphite  laminate  of  the  0,+45,90  family,  the  ratio  E0/G  depends  only  on  the  percentage  of 
+45  fibers,  since  Eo  is  determined  by  the  fiber/resin  system  (typically,  Eo  is  about  17(10)°  psi  for  graphite/epoxy). 

Figure  2-214  shows  predicted  values  of  <JC/Ftu  for  several  0,+45,90  laminates,  using  Method  1.  Available  test  data  is 
also  shown,  obtained  from  Ref.  2-12,  for  0/+45/90,  02/+45,  and  02/+45/90  laminates.  The  correlation  is  very  good. 
Predictions  for  residual  tensile  strength  using  the  Avery/Porter  method  are  also  shown,  represented  by  the 
relationship  Kc/Ftu «  0.5.  The  two  methods  converge  for  the  quasi-isotropic  laminates  plotted,  but  differ 
substantially  for  the  0/90  laminate. 

Figu  e  2-215  was  extracted  from  the  Advanced  Composites  Design  Guide,  AFML,  Nov.  1971,  and  may  be  used  to 
estimate  E0,  G,  and  F(U  of  graphite/epoxy  laminates  in  cases  where  specific  test  data  is  not  avauaole. 


ALLOWABLE  STRENGTH  Fx  (KSl) 


186 


Method  #2.  Waddoups,  et  al,  (Ref.  2-104)  proposed  that  there  is  an  inherent  flaw  (or  intense  energy  region) 
associated  with  a  particular  composite  laminate  that  can  be  used  in  the  prediction  ol  the  fracture  stress.  This 
inherent  flaw  was  assumed  to  control  the  static  strength  of  the  undamaged  laminate  and  was  analogous  to  the  crack 
tip  plastic  zone  in  metals.  The  inherent  flaw  size  (ao)  was  assumed  to  exist  at  the  edge  of  holes  and  was  used  to 
correlate  fracture  strength  with  hole  size.  This  resulted  In  the  following  expressions  for  fracture. 


For  slits  (through  center  cracks)! 

«c  -  fc  (><a+ao)]  * 

For  holes: 


kc  =  fc  K]  *  f(vr> 

For  unnotched  strength: 

Kc  =  *c  K]H 

where: 

aQ  =  one-half  inherent  flaw  length) 

fc  =  fracture  stress; 

Kc  =  critical  stress  intensity  factor; 

a  =  one-half  slit  length  (for  through  center  cracks); 

R  =  hole  radius; 

F(aQ/R)  =  Bowie  function  for  cracks  emanating  from  a  hole. 


(Eqn.  2-135) 
(Eqn.  2-136) 
(Eqn.  2-137) 


Method  <3.  Another  view  of  fracture  in  composites  was  presented  by  Whitney  and  Nuisiner  (Ref.  2-105).  In  this 
development,  fracture  is  assumed  to  occur  when  the  stress  at  some  characteristic  distance  d0  ahead  of  the  notch  is 
equal  to  the  ultimate  tensile  strength  of  the  laminate.  This  analysis  is  applied  to  both  holes  and  cracks  and  makes  use 
of  the  "exact"  linear  elastic  stress  distribution  around  the  discontinuity.  This  results  in  the  following  expressions  for 
fracture. 

For  slits: 

KQ  =  Ftu["a 

*1  =  a~V- 

o 

For  holes: 


(Eqn.  2-138) 
(Eqn.  2-139) 


_ 2__ 

2+t22+3£24  ;  where 

o 


(Eqn.  2-140) 


For  unnotched  strength: 


°c 

where: 

s  Ftu 

kq 

=  the  apparent  critical  stress  intensity  factor 

Ftu 

=  ultimate  tensile  strength; 

a 

=  half  crack  length; 

d 

0 

=  characteristic  distance; 

°c 

=  critical  fracture  stress; 

R 

=  hole  radius. 

Whitney  and  Nuismer  also  presented  a  fracture  criterion  where  failure  is  initiated  when  the  average  stress  ahead  of 
the  notch  over  some  characteristic  distance  a0  is  equal  to  the  unnotched  laminate  strength.  This  analysis  yields  the 
following  results  when  developed  for  through  cracks  and  holes: 


For  slits: 


K 


Q 


*3 


a 

2a  + 

o 


(Eqn.  2-141) 


(Eqn.  2-142) 
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For  holes: 


2(1-  *4, 


u 


R 

R  +  a„ 
o 


For  unnotched  strength: 


(Eqn.  2-143) 


-  F 

°c  tu 

Comparing  the  data  developed  In  Reference  2-7  for  holes  and  slits  over  a  range  of  damage  sizes  gives  the  results 
shown  in  Figire  2-216.  As  shown  in  the  figure  for  damage  sizes  greater  than  one  inch,  analysis  predicts  a  difference 
in  fractire  stress  due  to  flaw  shape  (hole  vs.  slit).  Available  test  data  for  panels  containing  holes  and  slits  oonfirm 
this  result. 


Figun  2-216.  Efftct  of  FlawShtpo  on  Frwcton  Rttponm 
if  Grtphitt/Epoxy  Lamintm 


Method  #4.  This  nrjethod  developed  by  Konish  (Ref.  2-109)  includes  experimentally  determining  the  critical  stress 
intensity  factor  (K  o)  for  a  iniaxial  laminate.  The  critical  stress  intensity  factor  for  each  layer  in  the  laminate  is 
then  calculated  as  follows. 


V 

■  KV*.. 

i  t 

i  r  layer  number 

where: 

(Eqn.  2-109) 


<1 

*2 


12 


■  Mi  Mi  M 


( 


V  022/011 


(Eqn.  2-110) 


[Tijli  is  the  transformation  matrix  relating  layer  stresses  in  principal  coordinates  to  layer  stresses  in  global 
coordinates,  [quI  i  is  the  stiffness  matrix  of  each  ply  in  the  global  coordinate  system,  and  MJij]  j  is  the  laminate 
compliance  matrix  relating  laminate  strains  to  laminate  stresses.  It  should  be  noted  that  the  aoove  equation  is  for  a 
laminate  with  a  crack  in  the  global  y- direction  and  must  be  transformed  by  90  degrees  to  obtain  the  Kj  of  a 
laminate  loaded  in  the  x-direction.  F 


Figure  2-217  shows  a  comparison  of  predicted  Kc  values  with  test  reslits  for  several  graphlte/epoxy  and 
foraphite/ glass  hybrid  laminates.  Correlation  is  poor  for  this  data. 
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0  JO  40  60  ®  100 

PREDICTED  Ke  (kii  ./in) 

PREDICTIONS  USING  KONISH  METHOD 

figure  2-217.  Correlation  of.  Tett  Results  With  Predictions  from  Residue I  Tensile  Strength 
Analysis  Method  4 

Method  if.  A  fundamental  approach  toward  predicting  f  ractire  in  composites  has  been  developed  by  Cruse  (Ref. 
2-ll0).  This  method  consists  of  computing  the  strain  energy  release  rate  of  the  laminate  (Gq)  as  the  weighted  sun 
at  all  the  layer  strain  energy  release  rates,  Gj. 


(Eqn.  2-1461 


= 

X 

Q 

i  r  1 

where! 

Gi  = 

C.K 

c 

£ 

Hi 


2  0 


12. 


33; 


22. 


2*22; 


(Eqn.  2-1471 


the  thickness  of  the  ith  ply; 
the  laminate  thickness; 


Q« 


the  experimentally  determined  critical  stress  intensity  factor  of  laminates  of  each  ply  orientation; 
for  example,  K-.'s  determined  from  fracture  tests  of  0-deg  laminates,  90-deg  laminates,  and 
+45-deg  laminates. 


(I-  is  the  transformed  compliance  matrix  of  each  layer.  The  f  ractire  toughness  of  the  laminate  is  them 
Kq  = 

where  C,  and  Q  in  equation  2-147  are  similar  except  that  laminate  compliances  are  used  in  place  of  layer 
compliances. 


Figure  2-218  shows  a  comparison  of  predicted  critical  stress  intensity  values  with  test  results  for  several 
graphite/epoxy  and  graphite/glass  hybrid  laminates.  Correlation  is  good  for  most  of  the  laminates  tested. 


figure  2-218.  Correlation  of  Tett  Result *  With  Predictions  from 
Residue!  Yensile  Strength  Analysis  S 
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2.3.1.3  Dynamic  Effects  Associated  With  Strength  Degradation 

There  are  two  phenomena  loosely  catagorized  as  "dynamic"  effects  which  can  have  a  significant  influence  on  the 
strength  degradation  caused  by  projectile  impact.  The  first  phenomena  influences  the  strength  of  the  panel  at  the 
time  of  impact,  and  is  associated  with  the  dynamic  effects  of  the  impact  combined  with  the  applied  stresses  existing 
in  the  panel.  These  applied  stresses  are,  of  course,  due  to  the  operational  flight  loads.  The  second  dynamic  effect 
arises  when  transient  pressure  loadings  due  to  hydrodynamic  ram  or  blast  impinge  on  panels  containing  damage.  The 
transient  loadings  introduce  a  dynamic  stress  field  in  the  vicinity  of  the  damage,  requiring  the  consideration  of 
dynamic  stress  intensity  factors  when  assessing  residual  tensile  strength. 

2.5.1 .3.1  Effect  of  Applied  Tensile  Load 

Available  experimental  data  (Ref.  2-2)  shows  that  metallic  panels,  under  tensile  load  eoplied  prior  to  the  impact, 
frequently  fail  at  impact,  even  though  the  applied  stress  levels  are  below  those  required  for  residual  strength  failure. 
This  behavior  is  clearly  shown  in  Figure  2-219,  which  shows  test  results  for  7075-T6  aluminum  impacted  by  small 
arms  projectiles.  In  this  figure,  it  can  be  seen  that  impact  fractures  occurred  at  stress  levels  significantly  below 
those  required  for  the  residual  static  fracture  of  similar  panels  which  were  first  damaged  without  applied  load.  This 
is  an  effect  of  obvious  significance,  since  it  implies  that  failure  predictions  based  upon  residual  strength  data  will 
tend  to  overestimate  the  strength  of  stressed  panels. 
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Figure  2-219.  Typical  Impact  Fracture  and  Residual  Strength  Data 


Test  data  is  very  limited.  At  present,  the  controlling  parameters  and  their  influence  upon  impact-fracture  behavior 
are  not  fully  understood.  One  reason  for  this  is  that  the  applied  loads  in  the  vicinity  of  the  damage  are  complex,  due 
to  the  dynamic  interaction  between  the  impacting  projectile  and  the  structural  member.  In  addition  to  the  applied 
static  load,  the  damage  area  may  experience  dynamic  stresses  caused  by: 

o  Local  bending  or  "denting" 

o  Gross  dynamic  bending  and  twisting 

o  ln-plane  "wedging"  forces  from  projectile  penetration. 

In  addition  to  the  loading  considerations  mentioned  above,  the  following  factors  are  thought  to  influence  impact- 
fracture. 

1.  The  dynamic  conditions  of  a  running  or  suddenly  appearing  crack  produce  a  dynamic  increase  in  the  crack  tip 
stress  field. 

2.  The  dynamic  conditions  at  the  crack  tip  can  result  in  a  more  brittle  material  response. 

3.  The  dynamic  stress  conditions  will  be  cyclic,  which  can  result  in  fatigue  damage  extension. 

Impact  Fracture  Analysis  Methods 

A  limited  amount  of  test  data  are  available  for  characterizing  impact  fracture  of  7075-T6,  2024-T81,  6A1-4V 
titanium  and  some  fiber  composite  materials.  The  most  comprehensive  set  of  test  data  is  for  7075-T6  as  reported  in 
References  2-2.  Data  for  other  materials  are  limited,  and  additional  testing  is  required  to  verify  prediction  methods 
and  to  establish  design  allowables. 

In  Reference  2-2  and  others,  the  possibility  of  predicting  impact  fracture  in  a  manner  analogous  to  that  used  for 
residual  static  strength  was  examined.  The  static  fracture  behavior  (residual  strength)  of  ballistic  damaged  metal 
panels  has  been  characterized  by  A  c  (see  Section  2. 5. 1,2.1),  the  effective  critical  stress  intensity  factor  for  ballistic 
damage.  A  similar  characterization  for  impact  fracture  is  given  by  the  formula: 
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\'c  =  °c  TL°  (Eqn.  2-1*8) 

0'c  -  threshold  applied  stress  for  impact  fracture 

\'c  -  threshold  stress  intensity  factor  for  impact  fracture 

TLD  =  damage  transverse  to  the  applied  stress 

The  table  below,  (from  Ref.  2-2)  compares  Ac  and  At  for  transverse  grain  7075-T6  panels  impacted  by  .50  caliber  AP 
projectiles.  These  are  very  rough  estimates  from  incomplete  data.  However,  the  estimated  values  of  At  are 
appreciably  below  the  Ac  values. 


7075-T6  ALUMINUM 

ROLLING  GRAIN  TRANSVERSE  TO  APPLIED  LOAD 

Thickness 

Estimated 

Impact  Fracture 

(ksi/v’m") 

Estimated 
Static  Fracture 

(in.) 

(ksi Vln) 

0.090 

48.9 

68.3 

0.125 

42.6 

62.5 

0.250 

34.0 

66.6 

0.375 

51.4 

87.0 

(Ref.  2-2) 

Additional  comments  on  the  observed  impact  fracture  response  of  several  aluminum  alloys  and  some  preliminary 
results  for  advanced  composites  are  presented  below. 

Longitudinal  Grain  7075-T6.  Review  of  the  limited  available  data  indicates  that  the  estimated  lower  bound  for  Ac 
falls  within  the  range  of  typical  Kc  values.  The  results  of  this  review  are  presented  in  figure  2-220.  The  typical  Kc 
values  were  established  from  available  test  data.  Based  on  the  data  presented,  it  would  be  reasonable  to  use  Kc  as  a 
lower  bound  for  threshold  impact  fracture  for  longitudinal  grain  7075-T6  in  thicknesses  up  to  0.750  inches.  Further, 
it  is  noted  that  the  experimental  lower  bounds  on  A*c  tend  to  lie  in  the  upper  portion  of  the  Kc  envelope  as  the  panel 
thickness  in  increased.  This  indicates  that  using  Kc  for  a  lower  bound  may  cause  an  unnecessarily  severe  penalty  for 
thicker  sections;  i.e,,  the  impac.  failure  predictions  may  prove  to  be  too  conservative.  To  avoid  this  conservatism, 
the  data  indicates  that  it  would  be  reasonable  to  use  "typical"  or  actual  Kc  values  for  thin  sections  to  predict  a  lower 
bound  for  threshold  impact  fracture  for  panel  thickness  up  to  0.75  inches.  As  seen  in  the  figure,  Ac  for  longitudinal- 
grain  7075-T6  ranges  between  55  and  75  ksi  VTm,  with  no  appreciable  thickness  effect  evident. 


Irygyw??  Grain  7073-T&.  Reference  2-2  provides  considerable  impact-fracture  data  for  transverse-arain  7073-T6. 
?n!?,s1eveI?  da5a  P°*nts  are  reported  in  Ref.  2-55.  Evaluations  of  A'c  are  compared  with  a  Kc  data  envelope  in  Figure 

A' 2  data^ends  *  within  the  *c  envelope,  as  with  the  case  of  longitudinal-grain  7075- T6;  however, ®the 

Ac  data  tends  tojall  in  the  lower  region  of  the  envelope.  The  range  of  Ac  for  transverse-grain  7075-T6  is  between 

configuration  **  COmpared  WIth  55  t0  75  ^ for  the  lower-bound  range  of  Ac  for  the  longitudinal-grain 
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Figure  2-220.  Impact  Fracture  Tough  nett  A  ’c  end  KcofLo  ngitudinal  Grain  7075-  T6 
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Figure  2-221.  Impact  Fracture  Tough naa  Kg  and  Kg  of  Trantvarte  Grain  707S-T6 


2024-T8I  Aluminum.  In  Reference  2-2,  a  number  of  transvei  se-grain  2Q24-T8I  panels  were  tested  lor  impact 
fracture.  The  r>_  ilts  were  for  thicknesses  of  0.160  and  0.250  inches.  The  average  A^  for  these  data  is  41  ksi  VTn. 

6A1-4V  MIL  Anneal  Titanium.  Considerable  transverse-grain  6A1-4V  impact-fracture  data  is  reported  in  Reference 
2-2.  In  general,  impact  fracture  did  not  occur  in  this  material  and  it  appears  that  the  residual  static  strength 
predictions  may  be  used. 

Fiber  Composite  Materials.  Experimental  work  with  certain  layups  of  fiber  composite  laminates  has  shown,  as  with 
metals,  that  the  impact -fracture  strength  can  be  below  the  residual  static  strength.  This  is  illustrated  by  some 
available  impact-fracture  and  reridual  strength  data  shown  in  Figure  2-222.  Test  data  for  stressed  boron/epoxy 
panels  impacted  with  .50-caliber  AP  projectiles  are  shown,  indicating  the  bracketing  of  the  impact-fracture 
threshold.  The  residual  strength  of  the  ballistic-damaged  panels  and  saw-cut  notched  panels  are  shown  for 
comparison. 

Using  the  available  data  for  boron/epoxy  and  graphite/epoxy  given  in  References  2-11,  2-12,  2-99  through  2-101  and 
2-16,  an  analysis  using  the  A*c  approach  as  described  for  metals  was  developed.  It  was  found  that  the  Impact 
fracture  toughness  (  a'c)  could  be  established  by  using  the  effective  damage  size  (TDeff)  due  to  the  projectile  impact. 
The  effective  damage  size  is  defined  as  the  equivalent  idealized  flaw  causing  structural  degradation.  This  is  normally 
set  equal  to  the  predicted  penetrater  damage  size,  thus  assuming  that  the  maximum  damage  is  oriented  transverse  to 
the  stress  field.  As  shown  for  residual  strength,  normalizing  the  test  data  to  ultimate  strength  can  be  used  to 
correlate  materials  having  diverse  layups  and  strength  levels. 

The  numerical  results  ol  this  assessment  of  test  results  are  summarized  in  Table  2-33.  The  test  date  covers  a  range 
layup  configurations  and  ultimate  strength  values.  As  seen  in  the  table,  there  was  some  variation  in  A'c/Ftu  with 
different  fiber  systems  and  loadings.  It  should  be  noted  that  the  impact-fracture  toughness  (  A'c)  was  not  a  constant 
percentage  of  ballistic-damage  residual  fracture  toughness  (Ac)  for  these  test  results,  but  demonstrated  some 
variation  with  fiber/matrix  types. 


FACESHEETS:  FACESHEETS:  FACESHEETS: 

5  PLY  BORON/EPOXY  .007  T1  8  AI-4V-B I  LY  BORON/EPOXY  .026  7076-T8-6  PLY  BORON/EPOXY 


LOAD  PRIOR  TO  IMPACT  "{  * 
LOAD  AFTER  IMPACT  *{  " 


IMPACT  FRACTURE  -.80  CAL  AP 
NO  IMPACT  FRACTURE— .10  CAL  AP 
RESIDUAL  STRENGTH-  .SQCALAP 
RESIDUAL  STRENGTH-  0.80  INCH  SAWCUT 


HONEYCOMB  SANDWICH  PANELS 
.50  CAL  IMPACT  •  2800  FT/S, 

0-  DEG  OBLIQUITY 


Figure  2-222.  Strength  of  Boron-Epoxy  Sandwich  Panel*  Impacted  by  .SO  Caliber  Bullet 
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T»bl*  2  X3.  Impact  Frtctur*  D»n  for  Compotit*  Ptmk 


Material 

Graphite^  poxy 

T 300/934 

1.11  {£> 

1.M 

T60-S/6206 

0.64 

0.61 

AS/3801 

1.01 

1.01 

HT-S  fiber 

0.38 

0.61 

HM-S  fiber 

>0.18 

<0.31 

0.63 

Boron/tpoxy 

Tmrlun 

0.41 

0.61 

Btami,  banding 

0.48 

0.63 

Hybrid* 

0,SGL/*484  AS/3601 

1.07  Et> 

1.07 

OjSGL/tB04  AS/3601 

1.24 

1.24 

OjSGL/tAB,  T 300/934 

1.07 

1.07 

TDtt)  •  daimg*  tin 


oj  •  thmhhold  itrm  lor  import  fracture 

\  ■  °0>yfo,M 

oc  ■  static  mkKiil  fracture 
itree  ifttr  lmp»et  damtga 

Tnt  rt*ult»  art  reported  in  Rtftranet 
2-12.  Thttt  result*  indicated  that 
the  Import  frorturo  thrtahold  itron 
wot  not  bolow  tho  itotle  raaldual 
frorturo  ttroti. 


2. 5. 1.3.2  Dynamic  Stress  Intensity  Factors  (From  Reference  2-1#) 


When  stresses  are  suddenly  applied  to  a  plate  containing  a  crack  and  maintained  at  constant  value  for  some  arbitrary 
length  of  time,  the  stress-intensity  factor  is  a  variable  function  of  time.  In  the  case  of  suddenly  applied  extensional 
(i.e.,  membrane)  loading  there  is  a  peak  (Reference  2-81)  in  the  opening  mode  membrane  stress-intensity  factor  at 
the  nondiinensional  time,  r  =  2.9,  where: 


r  =  2c2t/D 


(Eqn.  2-1  #9) 


where: 


D  =  Damage  size 

t  =  Actual  time  (seconds). 


c,  is  the  distortional  wave  speed  given  by: 


where  G 


Shear  modulus 


P 


Mass  density  (e.g.,  .iugs/ft 


(Eqn.  2-150) 


Thus,  the  time  required  to  obtain  the  peak  in  the  membrane  stress-intensity  factor  is 
7  =  2.9D/2  c2 


(Eqn.  2-151) 


In  the  case  of  the  suddenly  applied  bending  moment  (Ref.  2-82),  the  dynamic  bending  stress-intensity  factor 
approaches  the  static  stress-intensity  factor  without  experiencing  a  peak.  When  r  =  2.9,  and  with  Poisson's  ratio  = 
0.3,  the  dynamic  bending  stress-intensity  factor  is  65-percent  of  the  static  value  if  2h/D  =  0.5,  and  is  73-percent  of 
the  static  value  if  2h/D  is  unity.  Ratios  of  the  dynamic  to  the  static  bending  stress-intensity  factors  are  not 
available  for  other  2  h/D  ratios. 


As  a  consequence  of  this,  and  the  discussions  presented  in  and  in  Sections  2. 5. 1.1. 1  and  2. 5. 1.4,  it  is  recommended 
that  the  peak  dynamic  stress-intensity  factor  be  computed  from 


K 


m 


,  *  D 


>5 

)  F  (X) 

c 


0.5  Ob  (1 


X-l 

X 


h 

)  F  (X)G(X)F.k 
c  d,b 


where 


d,b 


1.0  if  2h/D>l  and  t  =  2.9 
0.73  if  0.5<2h/D<l  and  t  =  2.9 
.0.65  if  2h/D<0.5  and  r  =  2.9 


(Eqn.  2-152) 


(Eqn.  2-153) 


if  the  peak  dynamic  stresses  om  and  °b  are  maintained  for  the  nondimensional  time  r  =  2.9.  However,  if  the 
duration  of  the  application  of  the  stresses  dm  and  °b  is  such  that  r  exceeds  2.9,  it  is  recommended  that  Fd,b  =  * 
be  used  in  Equation  (2-1 52)  in  ordet  not  to  underestimate  the  effect  of  the  bending  on  the  stress-intensity  factor. 
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In  Equation  (2-132),  Fc  (X)G(X)  accounts  for  the  interaction  between  the  crack  and  flaw.  For  a  pair  of  cracks  from 
the  ends  of  an  elliptic  flaw,  replace  Fc  with  Fe  from  Figure  2- 183  or  Table  2-28.  For  a  pair  of  cracks  from  the  ends 
of  an  axis  of  a  rectangular  flaw,  replace  Fc  with  Fr  from  Figure  2-184.  Until  new  experimental  data  becomes 
available  for  the  fragment  penetrations  of  high  explosive  projectiles,  let  the  crack  length  be  0.03  inch  in  the 
computation  of  X . 


Insofar  as  0  m  and  Ob  in  Equation  (2-152)  are  concerned,  as  stated  previously,  let  Om  ano  Ob  be  the  peak  values 
that  are  maintained  continuously  for  at  least  t  2  2.9  D/2c-  (see  Equation  2-131).  An  alternate  approach  is  to  use 
time  averaged  stresses  that  are  maintained  continuously  for  t  £2.9  D/2C2*  Fracture  is  predicted  to  occur  if  K  from 
Equation  (2-152)  is  greater  than  Kc.  Otherwise,  the  absence  of  fracture  if  predicted. 


The  concept  of  time-average  stresses  in  Equation  (2-152)  is  based  on  heuristic  reasoning,  in  order  to  arrive 
subsequently  at  predictions  of  fracture.  Test  data  from  carefully  controlled  tests  are  needed  to  assess  the  accuracy 
of  fracture  predictions  based  on  the  use  of  peak  and/or  average  stresses  in  Equation  (2-152). 


2.5.1. 9  Effect  of  Combined  Stress  (From  Reference  2- 1%) 


In  panels  subjected  to  internal  pressures  from  the  detonation  of  high  explosive  projectiles  or  from  hydrodynamic  ram, 
there  will  generally  be  combined  bending  and  membrane  stresses.  Crack  propagation  or  catastrophic  failure  will  be 
due  to  the  combined  state  of  stresses,  and,  the  failure  criterion  should  take  into  consideration  the  interaction 
between  stress-intensity  factors  due  to  the  membrane  response  and  the  bending  response. 

For  an  infinite  plate  with  a  crack  of  length  D  that  is  subjected  to  an  in-plane  extensional  (i.e.,  membrane)  stress  Om 
that  is  oriented  normal  to  the  crack,  the  opening  mode  stress  intensity  factor  is: 


If  the  membrane  stress  o  rn  >s  replaced  by  a  bending  moment  per  unit  length,  Mb>  such  that  the  axis  of  the  bending 
moment  is  parallel  to  the  crack,the  opening  mode  stress-intensity  factor  is  (Ref.  2-80): 

Kb  ^°b 

with  =  6Mb/h^ 


(Eqn.  2-153) 
(Eqn.  2-136) 


II  the  aforementioned  crack  were  replaced  by  a'  radial  crack  of  length  D  emanating  from  each  end  of  a  diameter  of 
the  circular  flaw  of  radius  R,  then 


F(D/2R) 


(Eqn.  2-157) 


where  F(D/2R)  Is  a  monotonically  decreasing  function  given  in  Table  1  of  the  Roberts  and  Rich  paper  (Ref.  2-80). 
Equation  (2-157)  reduces  to  Equation  (2-155)  when  R  =  0. 

Using  the  notation  from  Section  2.5. 1.1. 1 ,  an  alternate  form  for  Kb  ke  developed,  namely: 


»„$-  x  Fa-" 


(Eqn.  2-158) 


In  the  case  of  cracks  emanating  from  rectangular  or  elliptic  flaws  rather  than  circular  flaws,  there  are  no  equations 
available  for  determining  Kb  because  of  the  lack  of  the  analytic  function  F(X-l)  in  Equation  (2-158).  Until  exact 
analytic  solutions  become  available  for  Kb  in  cases  of  cracks  from  the  axes  of  elliptic  and  rectangular  flaws,  it  is 
recommended  that  Equation  (2-1  59)  be  used  elliptic  flaws  and  Equation  (2-160)  be  used  for  rectangular  flaws.  Thus, 
for  an  elliptic  flaw, 


Kb  =  Fe(X)G(X) 


(Eqn.  2-139) 


where  Fe(  X)  can  oe  obtained  from  Figure  2-183  or  Table  2-28  from  Section  2. 5. 1.1.1.  G(  X)  is  obtained  from  Figure 
2-223.  Appendix  C  of  Reference  2-14  includes  additional  information  on  G(X).  For  a  rectangular  flaw: 


Kb  =  °b  X  Fr(X)G(X) 


(Eqn.  2-160) 


with  Frto  be  obtained  from  Figure  2-184  of  Section  2. 5.1.1. 1. 

For  circular  flaws  with  cracks,  Kb  from  Equation  (2-157)  will  equal  Kb  from  Equation  (2-150)  because  of  the 
definition  of  G(  X).  With  the  use  of  G(  X )  in  Equations  (2-159)  and  (2-1 60),  the  error  in  Kb  for  elliptic  or  rectangular 
flaws  is  unknown:  however,  it  is  believed  that  the  error  in  Kb  will  not  be  of  major  significance.  Moreover,  it  is 
believed  that  In  many  practical  problems,  membrane  effects  will  predominate  over  bending  effects  and  consequently 
the  errors  introduced  by  the  use  of  Equations  (2-159)  and  (2-160)  will  be  of  secondary  importance  in  fracture 
predictions. 


I 
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Figurt  2-223.  Vtlim  of  G(\J  For  Eqn.  2 - 159 


From  elementary  stress  analysis,  based  on  linear  theory,  the  total  extensional  stress  on  the  outer  fibers  of  a  plate 
under  combined  membrane  and  bending  loads  is 

o  =  om  ♦  cb  (Eqn.  2-161) 

If  o0  is  the  extensional  stress  on  the  outer  fiber  and  Oj  is  the  extensional  stress  on  the  inner  fiber  at  a  plate  cross 
section,  then 

»m!  «V°i>/2  (Eqn.  2-162) 

and 

a,  o-o/2  (Eqn*  2*163) 

b  o  i 

Analogous  to  the  concept  of  superimposing  a  bending  and  membrane  stress  to  obtain  a  total  extensional  stress,  one 
may  superimpose  an  opening  mode  bendmg  stress-intensity  factor,  Kb,  with  an  opening  mode  membrane  stress- 
intensity  factor,  Km,  to  obtain  a  total  opening  mode  stress-intensity  factor,  namely, 

K  Km  +  Kb  (Eqn.  2-164) 

In  general,  the  opening  mode  stress-intensity  factor  is  computed  and  compared  with  the  fracture  toughness  Kc  in 
order  to  predict  the  presence  or  absence  of  fracture  for  a  particular  problem.  When  comparisons  with  Kc  ate  to  be 
made  for  fracture  predictions,  is  recomended  that  K'  from  Equation  (2-164)  be  replaced  with: 

K  =  K  K,  (Eqn.  2-165) 

m  2  b 

The  reason  for  introducing  1/2  before  Kb  in  Equation  (2-165)  is  based  on  experimental  data  and  the  recommendation 
in  Reference  2-113  that  for  a  quick  estimate  oi  crack  growth  rates  in  plates  under  cylindrical  bending,  one  may  use 
the  extensional  (i.e.,  membrane,  data  by  merely  replacing  K(m)  by  Kb/2. 


) 
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2.5.2  Antlytis  of  Multiple  toed  Path  Panel*  Containing  Impact  Damage 

Many  structural  configurations  cannot  be  represented  a,  monolithic  panels  in  jessing  ‘th™ 

imDact  damage.  The  wings  of  transport  aircraft,  for  example,  often  consist  of  skin  with  riveted  stutener 
stiffeners  can  provide  damage-containment  or  crack-arrestment  capability  that  is  not  considered  in  the  *«m 

residual  strength  prediction. 

Fiaure  2-224  shows  several  typical  damage  configurations  involving  skin  and  stiffeners.  In  Figure  2- 224(a),  the 

projectile  impact  damage  tolerance  analysis. 

HE  oroiectiles  have  the  capability  to  damage  several  skin  bays,  and  sever  all  the  intermediate  stiffening  elements. 
For  Pthe  particular  case  investigated,  the  threat  and  structural  parameters  such  as  stiffener  spacing  must  be  used  to 
establish  the  extent  of  damage. 


A)  DAMAGE  BETWEEN  STIFFENERS 


B)  DAMAGE  ACROSS  A  STIFFENER 
-STIFFENER  INTACT 


C)  DAMAGE  ACROSS  A  STIFFENER  -  STIFFENER  FAILED 
Figurt  2-224.  Typictl  Qtmsgv  Configurations  Involving  Stiffontrs  sod  Skin 


2.5.2. 1  Analytical  Approach 

The  following  discussion  of  the  tensile  failure  of  damaged  stiffened  structure  is  drawn  from  H.  Vlieger  (Ref.  2-88, 
2-107  and  2-108).  In  a  cracked  stiffened  panel,  the  stiffener  tends  to  decrease  the  stress  at  the  crack  tip  by 
permitting  the  transfer  of  load  from  sheet  to  stiffener.  In  this  connection,  two  dimensionless  parameters  are 
significant:  the  tip  stress  reduction  factor  and  the  stiffener  load  concentration  factor.  The  tip  stress  re  uc  ion 
factor,  Y,  is  defined  as  the  ratio  of  stress  intensity  factors  for  sheets  with  and  without  stiffeners. 

Y  -  ^st‘ffened  <  1  (Eqn.  2-186) 

^unstiffened  .  .  .  . 

The  stiffener  load  concentration  factor  is  defined  as  the  ratio  of  the  maximum  stiffener  load  and  the  load  in  the 
stiffener  at  the  end  of  the  panel,  remote  from  the  damage:  ^  2  ^ 

c  =  pH  >  >. 

L  r  -I  stiffener  ,  , 

The  values  of  both  Y  and  C  depend  on  the  relative  stiffness  of  sheet  and  stiffener  and  on  the  ratio  of  crack  length  and 

stiffener  pitch. 

Two  basic  cases  of  stiffened  panel  failure  will  be  considered.  The  residual  strength  diagram  for  the  stiffener  critical 
case  is  shown  in  Figure  2-225  and  the  skin  critical  case  is  shown  in  Figure  2-226.  For  the  stiffener  critical  case 
consider  a  simple  panel  with  two  stiffeners,  containing  a  central  crack.  When  this  panel  contains  a  crack  that  is 
small  at  the  onset  of  instability,  the  stress  condition  at  the  crack  tip  will  hardly  be  influenced  by  the  stiffeners,  and 
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the  gross  stress  causing  unstable  crack  propagation  will  be  the  same  as  that  of  an  unstiffened  sheet.  When  the 
unstably  growing  crack  approaches  the  stiffener,  the  load  concentration  in  the  stiffener  will  be  so  high  that  the 
stiffener  fails  without  stopping  the  crack. 

When  the  panel  contains  a  crack  extending  almost  from  one  stiflener  to  the  other,  the  stiffener  will  be  extremely 
effective  in  reducing  the  stress  intensity  at  the  crack  tips,  resulting  in  a  higher  value  of  the  gross  stress  at  crack 
growth  initiation  compared  with  the  unstiffened  sheet,  With  increasing  panel  load,  the  crack  tip  will  get  closer  to  the 
stiffener  and  due  to  the  inherent  increase  of  stiffener  effectiveness,  the  crack  growth  will  remain  stable.  Fracture 
of  the  panel  will  occur  at  the  stress  level  indicated  by  o  due  to  the  fact  that  at  this  level  the  maximum  stress  in  the 
stiffener  has  reached  the  ultimate  strength  of  the  stiffener  material. 

When  the  crack  is  of  an  intermediate  size  f2a),  there  will  be  unstable  crack  growth  at  a  stress  slightly  above  the 
fracture  strength  of  the  unstiffened  sheet,  but  this  will  be  stopped  under  the  stiffeners.  After  crack  arrest  the  panel 
toad  can  be  further  increased.  During  the  application  of  this  final  toad  increment,  the  tip  stress  is  also  raised  and 
some  additional  stable  crack  growth  may  occur  before  the  ultimate  stiffener  load  is  reached,  again  at  the  stress 
level. 

For  the  simple  example  in  Figure  2-225,  the  foregoing  considerations  imply  a  predicted  residual  strength  curve  of  the 
shape  indicated  by  the  heavy  line.  This  curve  contains  a  horizontal  part  determined  by  the  stiffener  strength  and  the 
tip  stress  reduction  at  panel  failure  after  crack  arrest.  For  initial  crack  lengths  smaller  than  the  stiffener  pitch,  this 
flat  part  constitutes  a  tower  bound  of  the  residual  strength.  It  intersects  the  residual  strength  curve  of  the 
unstiffened  panel  at  a  crack  length  5a.  Assuming  that  the  effect  of  the  stiffener  on  the  stress  condition  at  the  crack 
tip  will  be  negligible  for  this  crack  length,  this  value  of  2a  will  constitute  a  lower  limit  of  crack  lengths  for  which 
crack  arrest  will  occur.  For  this  reason,  2a  is  called  the  "threshold  crack  length."  This  value  of  2a  divides  the  range 
of  crack  lengths  considered  here  into  an  interval  containing  short  crack  lengths  for  which  panel  behavior  is  not 
affected  by  the  presence  of  stiffeners  and  an  interval  of  long  cracks  that,  after  some  unstable  growth,  are  stopped 
under  the  stiffeners. 
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For  heavy  stiffening  ratios,  skin  failure  may  be  the  critical  event  as  shown  in  Figure  2-226.  Due  to  a  low  stiffener 
load  concentration,  the  stiffener  failure  curve  and  fracture  of  stiffened  panel  curve  do  not  intersect.  In  Figure  2-226 
a  crack  size  of  2a  will  show  stable  growth  at  point  B  and  become  unstable  at  point  C.  Crack  arrest  occurs  at  D  from 
where  further  slow  growth  can  occur  if  the  load  is  raised.  Finally  at  point  E  the  crack  will  again  become  unstable, 
resulting  in  panel  fracture. 

The  "threshold  crack  length,"  3a  for  the  skin  failure  case  is  determined  by  projecting  point  E  horizontally  until  it 
intersects  the  unstlffcned  panel  fracture  curve.  This  horizontal  line,  V ,  constitutes  a  lower  bound  of  tne  residual 
strength.  This  value  of  3a  divides  the  range  of  crack  lengths  considered  into  an  interval  containing  short  crack 
lengths  for  which  panel  behavior  is  not  affected  by  the  presence  of  the  stiffeners  and  an  interval  of  long  cracks  that, 
after  some  unstable  growth,  are  arrested.  It  should  be  clear  from  the  above  discussion  that  it  is  not  essential  for 
crack  arrest  that  the  crack  runs  into  a  fastener  hole.  Crack  arrest  is  basically  a  result  of  the  reduction  of  crack  tip 
stress  intensity  due  to  load  transmittal  to  the  stiffener.  The  criterion  for  crack  arrest  has  to  involve  the  two 
alternatives  of  stiffener  failure  and  skin  failure,  depending  upon  the  relative  stiffness  of  sheet  and  stiffener.  The 
above  discussion  assumes  that  the  fastener  loads  do  not  ex.:eed  fastener  capability. 

So  far,  only  the  panel  configuration  with  two  stiffeners  and  a  central  crack  has  been  considered.  However,  similar 
considerations  are  valid  for  cracked  panels  with  more  stiffeners  and  other  locations  of  the  crack  with  respect  to 
intact  and  broken  stiffeners. 

For  this  methodology,  the  residual  strength  of  a  stiffened  panel  is  determined  from  the  lesidual  strength  of  the 
unstiffened  sheet  by  accounting  for  the  sheet-stiffener  interaction  in  the  cracked  region.  The  residual  strength 
characteristics  of  the  relevant  material  are  sometimes  not  available  but  can  be  determined  by  a  small  number  of 
tests.  The  interaction  of  sheet  and  stiffener  is  expressed  by  the  values  of  Y  and  C. 

To  construct  the  residual  strength  diagrams  in  Figure  2-225  and  2-226,  the  unstiffened  panel  fracture  curve,  Y  and  C 
are  needed.  Basically,  the  sti.fened  panel  fracture  curve  can  be  obtained  by  raising  all  points  of  the  unstiffened 
panel  fracture  curve  by  a  factor,  1/Y.  The  stiffener  failure  curve  can  be  obtained  by  dividing  the  ultimate  tensile 
stress  of  the  stiffener  by  C.  The  stiffener  curve  is  usually  modified  by  a  constant  correction  factor  to  account  for 
load  eccentricity  and  notch  effects. 

The  finite  element  method  or  an  analytical  method  proposed  by  Vlieger  (Ref.  2-88),  can  be  used  to  calculate  Y  and  C. 
The  analytical  method  has  an  advantage  over  the  finite  element  method  in  that  the  effect  o'  different  panel 
parameters  on  the  residual  strength  of  a  certain  panel  configuration  can  easily  be  assessed  so  that  the  stiffened  panel 
can  be  optimized  for  battle  damage.  The  finite  element  method  has  an  advantage  in  that  it  is  relatively  easy  to 
incorporate  such  effects  as  stiffener  eccentricity,  hole  deformation  and  yielding. 

The  analytical  method  proposed  by  Vlieger  for  calculating  Y  and  C  consists  of  dividing  the  stiffened  panel  into  its 
composite  parts,  the  skin  and  the  stiffener.  In  the  area  of  the  crack  some  load  from  the  skin  will  be  transmitted  to 
the  stiffener.  This  load  transmission  takes  place  through  the  fasteners,  which  implies  that  the  skin  will  exert  forces 
on  the  stiffener  and  the  stiffener  will  exert  forces  in  the  opposite  direction  on  the  skin. 

The  problem  is  reduced  now  to  that  of  an  unstiffened  plate  loaded  by  a  uniform  stress  and  fastener  forces,  Fi...Fn. 
This  case  can  be  considered  as  a  composition  of  three  separate  cases:  l)  a  uniformly  loaded  cracked  sheet,  2)  a  sheet 
without  a  crack,  loaded  with  forces,  Fl...Fn,  and  3)  a  cracked  sheet  with  forces  on  the  crack  edges  given  by  the 
function,  p(x).  The  forces,  p(x),  represent  the  load  distribution  exerted  on  the  edges  of  the  slit  to  provide  the 
necessary  stress-free  crack  edges.  The  stress  conditions  at  the  i-rack  tip  in  these  three  cases  have  to  be  determined. 
In  terms  of  stress  intensity  factors  it  can  be  seen  that  for  case  OK  =  o  vT5  and  for  case  2)  K  =0.  The  stress 
intensity  factor  for  case  (3)  is  a  fairly  complicated  expression  and  the  integral  has  to  be  solved  numerically.  To 
determine  Y  and  C  the  fasteners  forces  have  to  be  known.  Compatibility  requires  equal  displacement  at  the 
corresponding  fastener  locations  of  sheet  and  stiffener.  These  compatibility  requirements  deliver  a  set  of  n 
(n  =  number  ol  fasteners)  independent  algebraic  equations  from  which  the  fastener  forces  can  be  solved.  After  the 
fastener  forces  have  been  determined,  the  calculation  of  C  and  L  are  easily  completed.  Additional  problems  and 
refinements  in  adapting  the  methodology  to  a  particular  type  of  material  and  panel  configuration  are  covered  in  Ref. 
2-88. 


In  the  analytical  method  adhesive  bonded  and  integral  stiffeners  can  be  treated  by  assuming  uniformly  distributed 
fasteners  forces,  Fi...Fn,  along  the  stiffeners.  It  should  be  noted  that  the  criterion  of  stiffener  failure  is  not  relevant 
in  case  of  integral  stiffeners,  since  the  crack  can  run  right  through  the  stiffeners.  In  that  case  there  will  only  be  a 
skin  crack  propagation  criterion,  but  this  will  still  be  different  from  the  case  of  mechanically  fastened  stiffeners.  In 
the  case  of  adhesively  bonded  stiffeners  the  criterion  of  fastener  failure  will  be  important.  Load  transmittal  from 
skin  to  stiffener  in  the  cracked  area  will  set  up  high  shear  stresses  in  the  bond.  This  may  lead  to  decohesion  and 
consequently,  a  decrease  of  the  effectivity  of  the  stiffener  to  take  load  from  the  skin.  Decohesion  will  alter  the 
residual  strength  diagram  as  in  the  case  of  fastener  failure. 

Arrest  of  unstable  crack  growth  at  the  next  stiffener  is  governed  by  three  criteria:  1)  stiffener  failure,  2)  fastener 
failure  or  bond  failure,  and  3)  skin  crack  propagation.  If  any  of  these  three  criteria  are  met,  total  failure  will  occur. 
Application  of  the  above  methodology  has  shown  good  correlation  with  test  results  for  metal  stiffened  panels. 

2. 5.2.2  Finite  Element  Analysis  of  Damaged  Multiple  Load  Path  Panels 

Finite  element  methods  have  been  developed  (2-89,  for  example)  for  predicting  the  stress  intensity  factor  for  cracks 
and  stress  concentration  factors  for  stiffeners,  A  finite  element  analysis  is  effective  in  applications  where 
complicated  boundary  conditions  and  geometry  rule  out  an  exact  solution  for  the  crack  tip  stress  Intensity  factor. 
Skin  panels  are  Idealized  using  constant  strain  triangular  membrane  elements,  typical  stiffeners  as  rod  elements  and 
fasteners  as  shear  spring  elements.  A  special  element,  known  as  a  cracked  (or  singular)  element  Is  used  at  the  crack 
tip.  This  element  has  special  properties  which  allow  the  stress  at  the  crack  tip  to  approach  infinity,  hence  an 
accurate  idealization  of  the  structure  can  be  realized  without  using  a  very  fine  mesh  of  elements  at  the  crack  tip. 
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Once  the  Internal  load*  *Kd  deflection*  have  bean  obtained  from  the  finite  element  solution,  the  stress  Intensity 
factor  may  be  calculated  usf^g  the  following  equation! 

Ev| 


‘1  =  T 


[V']' 


where:  K|  is  the  Mode  I  stress  intensity  factor,  "v"  is  the  crack  opening  displacement  along  the  crack  surface  at  a 
radial  (in  this  case,  along  the  crack)  distance  "r"  from  the  crack  tip,  and  E  is  the  elastic  modulus  of  the  material. 

Each  displacement  <vj,  vj,  V3...)  along  the  crack  Is  substituted  in  the  above  equation  with  corresponding  radial 
distance  (rj,  r2,  rj«.)  and  the  values  of  the  stress  Intensity  factor  (K|>  Kj,  Kj....)  are  determined.  These  values  are 
then  plotted  versus  the  radial  distances.  A  least  square  straight  line  fit  of  the  data  Is  then  performed  And  by 
extrapolating  for  the  value  of  K|  at  r  j  0,  the  stress  Intensity  factor  at  the  crack  tip  can  be  found.  Figure  2-227 
shows  the  procedure.  It  should  be  noted  that  the  stress  (stress  concentration  factor)  carried  by  each  stiffener  is 
determined  directly  by  the  finite  element  program. 
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The  stress  intensity  and  stress  concentration  factors  can  be  found  in  this  manner  for  any  built-up  structure,  and 
stress  intensity  and  stress  concentration  correction  factor  curves,  such  as  those  shown  in  Figures  2-228  and  2-229, 
can  be  constructed. 

To  use  these  curves,  the  stress  intensity  factor,  K,  at  the  crack  tip  is  calculated  using: 

K  =  o  sf;r&  Ysr 

where: 

K  =  the  stress  intensity  factor 

o  =  the  applied  skin  stress 

a  =  half  the  damage  size  (shown  as  L  on  Figure  2-228) 

Y-p.  Y  =  the  correction  factors  for  the  bay  w,dth  and  remote  stress  influence  on  the  stress  intensity  factor 
0  (from  curve,  see  Figure  2-228). 

The  stress  in  the  stiffener,  o  is  calculated  using: 

o’  =  »CsC, 

where: 

o'  -  the  stress  in  the  stiffener 
o  -  the  applied  stiffener  stress 

C  ,  C  =  the  correction  factors  for  the  bay  width  and  remote  stress  influence  on  the  stiffener  stresses  (from 
s  °  curve,  see  Figure  2-229). 

The  residual  strength  of  the  structure  can  be  determined  by  comparing  the  computed  stress  intensity  or  stress 
concentration  factor  with  known  critical  values. 
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2. 5.2.3  Engineering  Analysis  Method  (Porter,  1974) 

An  alternate  analysis  method  has  been  developed  (Reference  2-7)  from  empirical  data,  by  T.  R.  Porter.  This  method 
is  useful  because  of  its  compatibility  with  the  monolithic  panel  analysis  presented  earlier,  and  its  simplicity.  Figure 
2-230  illustrates  the  technique.  The  "plateau"  strength  (oc.  Stiffened)  is  related  to  the  unstiffened  critical  fracture 
stress  for  a  full-bay  crack  (oc  Unstiffened)  by  the  ratio  termed  C£xp. 

The  value  of  CExp  is  determined  from  the  relationship  shown  in  Figure  2-231  where  CExp  is  related  to  stiffener  area, 
skin  gage,  stiffener  spacing,  and  yield  strengths.  It  should  be  noted  that  the  value  of  c  (Unstiffened) is  determined 
from  fatigue-cracked  (notch-sensitive)  data  even  for  evaluating  ballistic-damaged  panels.  In  stiffened  panels 
containing  small  ballistic  damages  where  the  critical  stress  given  by  A  c  (or  A'c)  is  greater  than  oc  Unstiffened,  the 
panel  strength  evaluated  by  A  c  (or  /if  )  would  apply.  This  is  illustrated  in  the  figure. 


Figure  2-230.  Residual  Strength  Assessment  of  Projectile  Damaged  Stiffened  Panel 


Figure  2-231.  Empirical  Determination  of  the  Residual  Strength  of  Stiffened  Panel 
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2.5.3  Analysis  of  Multi-Element  Structure  Containing  Impact  Damage 

The  methods  presented  previously  for  predicting  the  structural  capability  of  damaged  elements  and  crack-arresting 
structure  can  be  applied  directly  to  many  areas  of  the  aircraft.  However,  the  infliction  of  damage  in  highly 
redundant  aircraft  structural  elements  can  cause  a  complex  redistribution  of  internal  loads  among  the  elements.  The 
availability  of  alternate  load  paths  results  in  enhanced  residual  strength  capability  even  though  element  failures 
occur. 


2.5.3. 1  Finite  Analysis  Techniques  for  Damaged  Structure 

A  powerful  tool  for  the  residual  strength  analysis  of  damaged  structural  components  (a  wing  or  wing  segment,  for 
example),  is  the  general  purpose  finite-element  structural  analysis  computer  program.  These  programs  are  commonly 
used  in  structural  design  analysis.  Their  application  to  damaged  or  altered  structure  is  a  logical  extension,  and  has 
been  demonstrated  in  several  investigations  (References  2- 12,  2-63).  Every  major  airframe  manufacturer  has  finite- 
element  program  suitable  for  this  purpose. 

The  operational  theory  of  finite-element  structural-analysis  computer  programs  will  not  be  discussed  in  detail  here, 
as  it  is  well  known  and  well  documented  (Reference  2-84,  for  example).  The  basic  approach  is  to  develop  a  model  or 
"structural  idealization"  of  the  component,  using  discrete  structural  elements  such  as  plates,  beams  and  rods.  The 
discrete  elements  are  connected  at  node  points  that  have  been  established  from  a  three-dimensional  grid  layout  of 
the  structural  component.  The  elements  and  their  properties  are  selected  so  that  they  duplicate  the  stiffness 
properties  of  the  actual  structure  between  node  points. 

Loads,  calculated  so  that  they  provide  reactions  equivalent  to  the  flight-loading  conditions  of  the  actual  structural 
component,  are  applied  at  the  node  points.  The  matrix  manipulation  routines  included  in  the  computer  program  then 
develop  the  overall  structural  response  of  the  component,  by  formulating  the  component  stiffness  matrix  from  the 
collection  of  element  stiffness  matrices.  The  output  of  the  computer  program  is  typically  the  deflections  at  the  node 
points  and  the  stresses  in  the  elements.  In  essence,  the  computer  program  provides  the  stresses  in  the  model 
elements,  and  these  can  be  translated  to  stresses  in  the  actual  structure  elements  by  the  analyst. 

The  utility  of  these  techniques  for  impact  damage  tolerance  analysis  lies  in  the  fact  that  impact  damage  can  be 
incorporated  into  the  model  by  altering  the  stiffness  properties  of  the  damaged  elements.  This  alteration  must  be 
made  using  damage  models  of  the  type  discussed  in  Section  2.2,  that  relate  damage  size  to  threat,  and  of  the  type 
discussed  in  Section  2.4  that  relate  stiffness  degradation  to  damage. 

Using  the  altered  element  stiffness  properties,  the  finite-element  computer  program  can  then  reanalyze  the  structure 
and  develop  the  redistribution  of  element  stresses  caused  by  the  damage.  The  strength  capability  of  the  damaged 
structural  component  for  any  desired  flight  loading  condition  can  then  be  determined  by  comparing  the  redistributed 
element  stresses  with  structural  failure  criteria,  including  those  defined  in  Sections  2.5.1  and  2.5.2  for  damaged 
elements  and  crack-arresting  structure. 

Figures  2-232  to  2-234  show  key  aspects  of  the  application  of  finite-element  structural  analysis  to  damaged 
structure.  Figure  2-232  is  a  wing  plan  view  showing  the  section  to  be  analyzed  for  survivability  to  typical  HE 
projectile  impact.  Figure  2-233  is  the  nodal  diagram  for  the  wing  section.  Considerable  engineering  judgment  must 
be  applied  in  preparing  a  nodal  diagram  that  will  ensure  realistic  results.  Figure  2-234  is  the  element  diagram, 
indicating  the  various  elements  selected  for  the  idealization.  Typical  element  selection  might  include: 

1.  Upper  and  lower  skin  plates  —  Stiffened  plates  carrying  shear  and  axial  load.  Stiffeners  are  included  as  part  of 
the  plate  properties. 

2.  Spar  and  rib  web  plates  —  Spar  webs  may  be  modeled  as  plates  capable  of  carrying  shear  only. 

3.  Spar  and  rib  stiffeners  --  These  elements  may  be  modeled  as  beams  carrying  axial  load. 

4.  Spar  chords  —  All  spar  chords  are  modeled  as  beam  elements  carrying  both  axial  and  bending  load. 

Figure  2-235  shows  the  loads  applied  at  the  nodes  for  a  particular  flight-loading  condition.  For  example,  these  loads 
may  be  selected  to  represent  flight  conditions  at  limit  load  factor,  or  any  load  factor  of  interest. 

The  modeling  developed  at  this  point  is  that  of  the  damaged  structure.  The  program  should  now  be  run  so  that 
element  stresses  and  deflections  for  the  undamaged  case  are  available  for  comparison  with  the  damaged  cases. 
Following  this,  elements  are  altered  as  shown  in  Figure  2-236,  in  accordance  with  a  damage  model,  and  the  reanalysis 
was  completed  for  comparison  with  element  failure  criteria. 


Figure  2-232.  Wing  Plan  View 


Figure  2-233.  Wing  Nodal  Diagram 


Figure  2-235.  Wing  Loads  Diagram  t 


Figure  2-236.  Schematic  of  Damaged  Wing 


2. 5. 3. 2  Application  of  Finite-Element  Techniques  to  Damaged  Structure 

Dr,  Pao  C.  Huang,  in  Reference  2-114,  has  introduced  a  "Patching  Technique"  for  the  development  of  a  finite  element 
model  representing  a  battle-damaged  aircraft.  This  technique  is  summarized  here  and  the  applications  of 
preprocessors  PING  and  BING  to  the  automatic  generation  of  input  data  for  NASTRAN  analyses  are  also  briefly 
described.  Finally,  the  importance  of  modeling  technique  is  addressed. 

Finite  Element  Program  -  NASTRAN.  NASTRAN,  a  general  purpose  finite  element  program  for  structural  analysis 
developed  by  NASA,  can  be  used  as  an  example  of  a  program  for  which  data  generation  can  be  an  ove:  whelming  task. 
NASTRAN  is  versatile  and  applies  to  a  large  class  of  static  and  dynamic  problems  as  follows: 

a.  Static  response  to  concentrated  and  distributed  loads,  thern.al  expansion,  and  enforced  deformation; 

b.  Dynamic  response  to  transient  loads  and  random  excitation; 

c.  Determination  of  real  and  complex  eigenvalues  for  use  in  vibration  analysis  and  stability  analysis. 

However,  preparing  NASTRAN  input  for  a  complicated  problem  is  a  large  effort  in  itself.  It  includes  a  layout  of  a 
grid  mesh;  calculations  of  grid  point  locations;  generation  of  element  properties  and  their  connectk 's  to  grid  points; 
preparation  of  input  sheets;  and,  finally,  punching  of  input  cards.  All  this  work  is  time  consuming  and  requires  the 
effort  of  a  team  of  specialists.  Furthermore,  possible  occurrences  of  human  errors  together  with  unavoidable 
redesign  cycles  make  the  analysis  formidable. 


To  remedy  these  difficulties,  special  input  generation  programs  have  been  developed  to  automatically  generate  finite 
element  models  and  their  associated  NASTRAN  input  for  air  vehicle  structures. 


PrecroccMore  for  NASTRAN.  A  Planform  Input  Generator  (PING)  (Reference  2-115)  which  can  rapidly  develop  a 
finite  element  model  (or  an  arbitrary  wing  planform  of  an  air  vehicle,  and  a  Body  Input  Generator  (BING)  (Reference 
2-116)  which  performs  the  same  function  for  any  type  of  shell  body  are  currently  operational.  Utilizing  tnese  two 
preprocessors,  a  complete  vehicle  such  a~  shown  in  Figure  2-237  can  be  easily  and  quickly  generated  for  rigorous 
structural  analyses.  These  two  preprocessors  contain  many  useful  features  which  can  be  utilized  to  facilitate  the 
development  of  a  model  to  truly  simulate  a  real  missile. 

The  efficiency  of  PING  is  demonstrated  in  Figure  2-238  where  a  finite  element  model  of  a  double  wedge,  solid, 
sweptback  wing  is  shown  as  an  example.  This  finite  element  model  has  277  grid  points,  260  plate  elements,  and  1400 
degrees  of  freedom.  PING  was  employed  in  the  development  of  this  mode  .  It  only  took  five  manhours  and  a  few 
seconds  of  computer  time  to  produce  1137  input  cards  for  NASTRAN  analysis. 

Without  PING  it  would  take  at  least  360  manhours  to  produce  the  same  number  of  cards  manually.  The  capability  of 
developing  a  finite  element  model  rapidly  and  economically  is  an  essential  requirement  lor  such  complicated  work  as 
the  vulnerability  study  of  battle  damaged  structures. 
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Figure  2-238.  Efficiency  of  Ping/Nmran 
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Figures  2-239  to  2-240  show  some  of  the  sample  finite  element  models  developed  by  PING  and  BING.  Figure  2-239 
demonstrates  the  useful  feature  of  a  mixed  mesh  which  can  be  used  to  reduce  the  degrees  of  freedom  in  less 
important  areas.  Figure  2-240  shows  a  model  of  a  curved  delta  wing.  Figure  2-241  illustrates  how  patches  with  a 
circular  or  ellipltical  hole  can  be  used  with  a  finer  mesh  around  the  hole  for  more  detailed  stress  distribution.  Figure 
2-242  shows  a  wing  with  an  elliptical  hole  which  can  be  developed  in  two  stages.  First,  a  wing  model  without  hole  Is 
developed  and  the  elements  around  the  hole  ire  removed}  then  a  patch  with  the  hole  can  be  developed  to  fit  in  the 
opening.  Figure  2-243  shews  a  complicated  but  realistic  missile  body  generated  by  BING.  It  has  a  nose  cone  and  a 
cylindrical  shell  with  en  engine  housing.  Figure  2-244  shows  a  finite  element  model  of  a  BQM  34A  wing.  This  built- 
up  wing  has  three  spars  connecting  two  curved  panels.  Again,  a  mixed  mesh  Is  used  In  the  wing  panels  to  reduce  the 
degrees  of  freedom  without  sacrificing  the  accuracy  In  the  important  wing  root  area. 

Using  the  preprocessors  and  NASTRAN,  reliable  analytical  results  can  now  be  obtained  easily  and  rapidly.  Figure  2- 
245  shows  the  good  correlation  of  the  theoretical  and  experimental  data.  The  latter  were  provided  by  the  Naval 
Research  Laboratory  from  a  complete  vibration  test  of  the  actual  missile.  The  theoretical  results  were  obtained  by 
NASTRAN  on  a  finite  element  model  developed  by  PING  and  BING.  It  only  took  40  manhours  to  complete  the 
vibration  model  and  1200  seconds  of  CDC  6500  computer  time  to  obtain  the  first  six  vibration  modes.  With  these 
powerful  analytical  tools,  elaborate  structural  analysis  certainly  becomes  practical  in  the  development  of  a 
complicated  air  vehicle  system. 


Figure  2-239.  Sparrow  III  Solid  Wing  Plan  Form  Figure  2-240.  Planned  Finite  Clement  Model 

of  a  Cyclindricat  Wing 


Figure  2-24 1.  Sample  Patdm  Developed  by  Ping 


Figure  2-244.  Finite  Element  Model  of  Built-up  Wing  Developed  by  Ping 
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Flgura  2245.  Comparison  of  tha  Thaoratical  and  Exparimantal  Oat *  of  a  Vibration  Modal 
Devaiopad  by  Ping  and  Bing 


Patching  Technique.  On  a  demanding  task  such  as  the  vulnerability  study  of  battle  damaged  structures,  precise  stress 
data  around  the  damaged  area  will  be  required  to  determine  the  possibility  of  crack  propagation  which  may  lead  to 
catastrophic  failure.  Finite  element  analysis  techniques  will  be  of  great  value  in  furnishing  detailed  information  for 
such  a  study.  Therefore,  an  elaborate  finite  element  modet  must  be  developed  to  accurately  represent  the  damaged 
structure.  Using  PING,  this  task  can  be  easily  achieved.  Figure  2-246  shows  the  procedure  for  the  development  of  a 
damaged  wing  structure.  First,  a  finite  element  model  of  the  undamaged  wing  must  be  generated  and  the  plate 
elements  around  the  damage  temoved.  Then  patches  of  damaged  components  having  smaller  plate  elements  can  be 
generated  to  fit  the  cutout.  Finally,  these  patches  are  inserted  into  the  proper  locations  to  complete  the  finite 
element  model  for  the  damaged  wing.  This  modeling  procedure  is  designated  as  the  "Patching  Technique".  The 
common  gridpoints  on  the  cutout  boundaries  are  not  joined  by  compatibility  conditions  but  by  using  a  common 
gridpoint  number,  therefore,  no  constraint  equations  are  required.  This  feature  not  only  eliminates  many  input  data 
cards,  but  also  yields  a  much  better  finite  element  model. 


FINITE  ELEMENT  MODEL  OF  WING 
ROOT  SECTION  GENERATED  BY  PING 


GENERATED  BY  PING  TO 
FIT  THE  CUT  OUT 


PLATE  ELEMENTS  AROUND 
DAMAGED  AREA  REMOVED  COMPLETED  FINITE  ELEMENT  MODEL 

FOR  A  DAMAGED  WING 


Figura  2-246.  Davaiopmant  of  Finita  Elamant  Modal  for  a  Damagad  Wing  with  Ping 


Analyses  of  Battle  Damaged  Structures.  A  damaged  BQM  34  wing  was  analyzed  oy  NASTRAN  under  lg  loading.  The 
finite  element  model  ofthe  undamaged  wing  had  846  grid  points,  o-*9  plate  elements,  and  4602  degrees  of  freedom. 
This  model  not  only  took  into  account  the  curvatures  of  the  skin  panels,  but  also  the  varying  skin  thickness-  Five 
PING  runs  and  approximately  64  manhours  were  taken  to  complete  this  job.  The  damaged  wing  had  a  slot  1.5  inches 
wide  in  the  upper  skin  panel  and  extended  five  inches  diagonally  inward  from  the  front  spar  to  a  point  where  the 
middle  spar  cap  was  completely  cut.  In  addition,  all  three  spars  were  damaged  to  different  degrees.  Using  the 
patching  technique,  the  finite  element  model  for  this  damaged  version  was  quickly  generated  by  removing  elements 
and  adding  patches.  The  final  model  is  shown  in  Figure  2-247.  The  NASTRAN  analyses  showed  significantly  higher 
stresses  in  the  root  area  of  the  damaged  wing  than  those  in  the  corresponding  region  of  the  undamaged  wing. 
However,  the  most  critical  point  was  found  at  the  slot  tip  with  a  peak  stress  of  10,000  psi  as  indicated  in  the  plot  of 
iso-stress-lines.  The  actual  damaged  wing  was  tested  to  destruction,  which  occurred  at  a  3g  loading.  A  crack  was 
first  formed  at  the  tip  of  the  slot  then  propagated  toward  the  wing  root  at  the  rear  spar.  This  was  adequately 
predicted  in  the  stress  contour  plot  whereby  a  peak  stress  of  30,000  psi  was  obtained  at  5g  level;  a  value  which  was 
thought  to  be  the  strength  of  the  material  at  that  state. 
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Figure  2-247.  Vulnertbility  Study  oft  Dtmeged  Wait t  Wing 


The  structural  response  of  a  damaged  semlmonocoque  luselage  was  analyzed  from  a  model  by  the  same  patching 
technique.  A  vertical  slot  between  the  second  and  third  frames  near  the  tail  end  was  cut  in  the  fu^-lage  skin.  The 
cut  extended  from  the  crown  down  to  a  point  at  108  degrees  on  each  side.  The  patch  had  a  width  converlng  the  last 
three  bays  of  the  fuselage  and  a  circumferential  length  longer  than  that  of  the  slot.  As  can  be  seen  in  Figure  2-248, 
much  smaller  elements  are  used  in  the  patch  especially  around  the  tip  region  where  high  stress  concentration  is 
anticipated.  This  finite  element  model  was  subsequently  analyzed  by  NASTRAN  for  a  lg  load  condition.  Proper 
resultant  forces  were  placed  on  the  four  cut  boundaries  to  transmit  air  pressures  from  the  nose,  wings,  and  tail 
assembly  which  were  omitted  in  this  truncated  fuselage.  Stress  concentrations  were  found  around  the  slot  tip  area 
with  sufficient  Intensity  such  that  a  crack  would  form  at  this  point.  Catastrophic  failure  seems  certain  to  o^cur 
because  there  is  no  crack  arresting  structural  member  in  the  propagation  path  between  frames,  and  the  peak  stress  of 
26000  psi  shown  in  Figure  2-249  would  increase  rapidly  as  the  crack  enlarges. 

To  demonstrate  the  importance  of  the  patching  technique  which  provides  stress  concentration  data,  another  analysis 
was  made  on  a  model  obtained  simply  by  removing  the  plate  elements  between  the  two  frames  to  simulate  the 
damage  Inflicted  on  the  fuselage.  This  simple  model,  Figure  2-250,  had  a  cutout  wider  than  the  slot  but  was  bounded 
on  four  sides  by  smooth  edges.  NASTRAN  analysis  revealed  much  higher  stresses  than  those  of  the  undamaged  model, 
however,  no  danger  could  be  detected  for  any  catastrophic  failure  in  this  analysis.  This  contradictory  conclusion,  of 
course  was  not  totally  unexpected,  especially  when  the  simple  model  had  a  structurally  sound  configuration. 
However,  it  did  (joint  out  tt  e  danger  of  under-modeling  and  the  importance  of  a  tr  .te  simulation. 


FINITE  ELEMENT  MODEL  OF 
A  DAMAGED  FUSELAGE 


Figure  2-248.  Development  of  Finite  Element  Model  fort  Dtmeged  Fuseltge 
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The  study  of  structural  vulnerability  of  battle-damaged  aircraft  by  projectile  hits  can  be  conveniently  treated  in  two 
phases,  in  the  impact  fracture  phase  damage  criteria  of  instantaneous  failure,  i.e.  the  upper  bound  of  vulnerability, 
are  of  interest.  Then  the  assessment  of  local  damages  to  the  structure  must  be  determined  for  subsequent  survival 
analyses.  The  prediction  methods  in  these  areas  are  inadequate  at  the  present  time,  however,  some  guidelines  are 
available  for  a  quick  estimate.  In  the  continued  flight  phase  where  residual  strength,  loss  of  control,  dynamic  and 
aerodynamic  instabilities  are  a  concern,  the  finite  element  techniques  become  extremely  valuable.  To  attack  these 
problems  two  distinct  finite  element  models  should  be  employed.  A  "Static  Model"  with  sufficient  damage  details  can 
be  developed  for  residual  strength  anlaysis  while  a  "Kinematic  Model",  being  much  simpler  than  the  former,  can  be 
used  in  the  anlayses  of  structural  response.  The  Kinematic  model  is  definitely  the  cheaper  one  to  run,  yet  would  yield 
sufficiently  accurate  results  in  stiffness  or  dynamic  analysis.  For  completeness,  many  different  analyses  must  be 
performed  on  a  large  structure,  these  models  must  be  carefully  designed  for  optimization  in  terms  of  accuracy  and 
economy. 
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Figure  2-249.  Vulnerability  Study  of  »  Damaged  Missile  Body 
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Figure  2-250.  Damage  Model  with  Smooth  Sides 
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3.0  DESIGN  GUIDELINES  FOR  IMPACT  DAMAGE  TOLERANCE 


As  indicated  in  Figure  3-1  aircraft  must  maintain  structural  integrity  relative  to  many  types  of  damaging 
mechanisms,  including  for  example: 

1.  Fatigue, 

2.  Non-detectable  initial  defects, 

3.  In-flight  damage,  such  as  that  inflicted  by  military  and  engine  debris  projectiles. 

The  objective  in  designing  for  fatigue  is  to  prevent  wear-out  during  the  anticipated  usage  of  the  aircraft.  The 
objective  of  the  second  structural  integrity  requirement  is  to  prevent  an  airplane  from  unexpectedly  failing  as  a 
result  of  an  undetected  flaw  or  defect.  In  both  cases,  the  benefits  of  successful  design  are  improved  safety  and 
economics. 

With  respect  to  projectile  impact  damage,  the  objective  is  to  prevent  structural  failure  from  damage  suddenly 
inflicted  during  flight.  A  substantial  portion  of  combat  aircraft  attrition  for  example,  has  been  caused  by  structure- 
related  failures  induced  by  projectile  impact.  Projectile  damage  may  cause  loss  of  strength  and  stiffness,  often 
amplified  by  the  interaction  between  primary  structure  and  engine  fuel  storage,  creating  damage  mechanisms  such  as 
hydrodynamic  ram,  vaoor  explosions  and  fire. 

In  spite  of  the  importance  of  the  projectile  damage  threat  to  combat  aircraft,  this  category  of  damage  is 
addressed  in  only  a  limited  way  by  existing  structural  design  guidelines  and  specifications.  Although  vulnerability 
analysts  have  always  been  concerned  with  the  effects  of  projectiles,  this  often  represents  unfamiliar  ground  for 
structural  designers.  Because  of  this,  effort  is  required  to  integrate  projectile  damage  tolerance  within  the 
structural  design  process,  along  with  related  fatigue  and  fail-safe  criteria,  as  indicated  in  Figure  3-2. 

The  remainder  of  this  section  presents  an  overview  of  a  methodology  for  projectile  damage  tolerant  design  and 
certain  of  the  techniques  and  guidelines  available  for  implementation. 


DESIGN 

REQUIREMENTS: 


RELATED  MIL 
SPECIFICATION: 

MIL  8860 


RELATED  MIL 
SPECIFICATION: 

MIL  83444 


RELATED  MIL 
SPECIFICATION: 

NONE 


GUIDELINES:  AFFDL-TR. 74-60 

(BATTLE  DAMAGE) 


DESIGN 

OBJECTIVE: 


PREVENT 

WEAR-OUT 


PREVENT  FAILURE  FROM  PREVENT  FAILURE  FROM 

WORST-CASE  INITIAL  FLAWS  INFLICTED  DAMAGE 


DESIGN 

CRITERIA: 


DESIGN  CRITERIA  BASED 
ON  STATISTICAL  MATERIAL 
RESPONSES 


DAMAGE  CRITERIA  BASED 
ON  NDI  CAPABILITIES 


DAMAGE  CRITERIA 
DETERMINED 

BY  DAMAGE  SIZE  INFLICTED 
BY  SPECIFIED  THREAT 


ST11ENGTH 

CAPABILITY 


MISSION  TIME 


Figure  3-1.  Aircraft  Structural  Integrity  Requirements  Include  Several  Types  of  Damage  Mechanisms 
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Figure  3-2.  impact  Damage  Tolerance  Can  be  Incorporated  into  Structural  Design  Procedures 


3.1  DESIGN  METHODOLOGY  FOR  ACHIEVING  IMPACT  DAMAGE  TOLERANCE 

Projectile  impact  damage  tolerance  can  be  achieved  most  eificiently  by  incorporating  ballistic  damage 
assessment,  resistance,  and  tolerance  analysis  methods  into  existing  structural  design  methodology.  This  entails 
developing  these  methods  and  requirements  within  a  format  which  is  compatible  with  existing  structural  damage 
tolerance  procedures.  An  approach  has  been  developed  which  accomplishes  this,  as  summarized  in  the  following 
paragraphs. 

3.1.1  Design  Methodology  Overview 

To  achieve  structural  survivability  with  minimum  weight  and  cost  penalties,  a  quantitative  assessment  of 
structural  survivability  should  be  included  during  all  design  phases  of  the  aircraft.  This  requires  implementing  a 
design  and  assessment  methodology  permitting  designers  to  determine  the  survival  capability  o.  a  current  design. 
The  objectives  of  the  methodology  are  to  evaluate  the  structural  capability  of  the  damaged  airframe,  and  to  compare 
this  with  structural  performance  requirements  as  dictated  by  mission  criteria.  Figure  3-3  is  a  flow  diagram 
illustrating  the  steps  required  to  evaluate  the  survivability  level  of  a  structural  design  using  a  methodology  that  is 
consistent  with  structures  design  methods. 

Based  on  the  conceptual  goals  for  the  aircraft,  specific  mission  and  threat  requirements  must  be  defined.  These 
requirements  are  used  as  input  data  in  establishing  the  detailed  requirements  and  capabilities  of  the  structure.  The 
steps  for  implementation  are  described  in  the  following  paragraphs. 

3.1.1. 1  Determination  of  Structural  Requirements 

Structural  requirements  are  determined  by  the  operating  environment  of  the  aircraft  as  dictated  by  the  mission. 
For  survivability  analysis,  three  basic  types  of  load  information  are  required  for  each  structural  component 
considered.  These  are: 

(a)  The  loads  and  the  physical  environment  at  the  time  of  projectile  impact; 

(b)  The  cyclic  loading  spectrum  after  projectile  impact; 

(c)  Th?  maximum  load  and  the  associated  physical  environment  that  will  be  encountered  after  projectile  impact; 

This  information  is  obtained  by  constructing  the  anticipated  operational  history  for  the  aircraft,  including  the 
1-g  loading  conditions,  gust  loadings,  and  maneuver  load  factors  for  the  prescribed  missions.  A  sample  stress/time 
history  for  a  structural  element  is  shown  in  Figure  3-4,  determined  from  the  loading  assessment.  From  this 
information,  and  an  assessment  of  probable  encounter  scenarios,  stress  level  requirements  can  be  defined  for  critical 
structural  elements  at  the  time  of  impact. 
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Figure  3-4.  Sample  Stress-Time  History  for  Structural  Element, 
Defining  Stress  Requirements  for  Mission  Completion 


The  maximum  loadings  anticipated  from  the  time  of  damage  occurrence  until  mission  completion  or  repair 
determine  the  residual  strength  requirements  for  the  airplane.  Likewise,  the  operating  stresses  from  damage 
occurrence  until  the  airplane  is  repaired  define  the  cyclic  loading  requirements. 

Physical  environment,  particularly  temperature,  can  affect  the  residual  strength  of  damaged  structure  because  it 
influences  the  failure  behavior  of  aircraft  materials.  Other  possible  degrading  physical  environments  include: 
humidity,  moisture,  cleaning  fluids,  hydraulic  fluids,  and  fuel,  especially  during  the  application  of  cyclic  loads. 


The  requirements  addressed  above  pertain  to  the  probable  loadings  encountered  during  a  sortie.  This  is  one  of 
the  distinguishing  features  of  projectile  damage  tolerance,  as  contrasted  with  fatigue  or  initial  defect  damage 
tolerance.  The  latter  damage  mechanisms  are  most  often  related  to  aircraft  lifetimes  or  periods  of  time  established 
by  prescribed  inspection  intervals.  Although  deferral  of  combat  damage  repair  can  be  an  important  factor,  leading  to 
the  requirement  for  engaging  in  several  sorties  following  damage,  the  operating  intervals  with  projectile  damage  will 
always  be  short  relative  to  the  other  damage  mechanisms. 

3. 1.1. 2  Determination  of  the  Capability  of  Damaged  Structure 

Determining  structural  capability  requires  an  evaluation  of  structural  degradation  due  to  weapon  damage,  using 
analysis  techniques  discussed  in  Section  II.  The  required  analysis  steps  were  shown  on  the  right  side  of  Figure  3-3. 
Several  unique  technical  disciplines  come  into  operation  at  this  point,  because  evaluating  structural  degradation  due 
to  projectile  impact  damage  requires  an  understanding  of  the  mechanics  of  projectile  damage  and  damage  tolerance. 

The  first  step  is  to  determine  the  type  and  extent  of  the  damage  inflicted  by  the  projectile.  This  damage 
constitutes  a  flaw  which  reduces  the  remaining  strength  and  stiffness  of  the  structure.  Structural  damage  from 
projectile  impact  is  a  function  of  the  type  of  projectile  and  the  engagement  conditions,  as  well  as  physical 
environment,  applied  loads,  and  compounding  effects  such  as  hydrodynamic  ram. 

Damaged  structure  that  does  not  fail  at  the  time  of  impact  is  subjected  to  subsequent  cyclic  loading  as  a  result 
of  gust  and  maneuvers  during  continued  flight.  These  cyclic  loadings  induce  fatigue  that  can  influence  the  damage 
size  and  character,  thereby  changing  the  severity  of  the  induced  flaw.  In  metal  structure,  cyclic  stresses  will 
generally  increase  the  damage  size  and  severity,  thus  reducing  the  strength  of  the  ballistic-damaged  structure  during 
operation,  6 

The  damaged  airframe  must  have  sufficient  residual  strength  to  sustain  the  maximum  flight  loads  subsequently 
encountered.  This  residual  strength  is  related  to  damage  size  and  the  inherent  damage  tolerance  of  the  structure  as 
determined  by  material  selection  and  design  configuration.  The  stiffness  of  aircraft  structure  that  has  been  damaged 
is  also  altered  by  projectile  damage.  Stiffness  degradation  can  induce  several  failure  mechanisms,  including  flutter, 
loss  of  control,  or  extensive  internal  load  redistribution. 

The  final  results  of  the  structural  capability  determination  can  be  presented  in  a  manner  analogous  to  the 
stress/time  requirements  history  presented  in  Figure  3-4.  This  is  termed  the  "strength-time"  history  (an  example  is 
snown  in  Figure  3-5).  As  shown  in  the  figure,  the  structural  capability  is  the  design  ultimate  strength  before 
encountering  damage.  After  projectile  impact,  however,  the  structural  capability  may  be  severely  degraded.  The 
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Figure  3-5.  Strength-Time  History  for  a  Structural  £ lament.  Indicating  Structural  Capability 


initial  degradation  is  the  strength  at  the  instant  of  impact  when  dynamic  effects  are  prominant.  Immediately  after 
impact,  the  structural  capability  is  the  static  residual  strength,  which  may  degrade  further  due  to  the  fatigue  damage 
caused  by  cyclic  loadings. 

3.1. 1.3  Structural  Survivability  Assessment 

The  final  survivability  assessment  compares  the  stress/time  and  the  strength/time  histories;  that  is,  the 
requirements  and  the  capabilities.  A  typical  comparison  is  shown  in  Figure  3-6.  This  figure  shows  the  stress/time 
and  strength/time  histories  for  a  wing  structural  element.  At  time  "A",  although  the  strength  capability  is  reduced 


Figure  3-6.  Comparison  of  Stress-Time  and  Strength-Time  Histories  To  Assess  Requirementt-vs-Capablllties 
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significantly  due  to  damage  inflicted  by  projectile  impact,  the  structural  element  did  not  fall  catastrophically.  In 
this  example,  the  strength  requirements  exceed  the  strength  capability  in  the  landing  approach,  and  structural  failure 
occurs  at  that  time.  A  design  iteration  is  required  to  correct  the  failure  condition.  The  final  assessment  depends  on 
the  impact  damage  tolerance  criteria  selected  for  the  aircraft,  and  criteria  selection  and  specification  is  an 
extremely  important  aspect  of  impact  damage  tolerant  design. 

3.1.2  Design  Methodology  Elements 

As  indicated  in  the  overview  above,  the  requirements  for  survivable  structure  must  be  integrated  within  the 
earliest  phases  of  aircraft  design  by  implementing  a  structural  survivability  assessment  into  the  design  process,  and 
performing  design  iterations  to  achieve  desired  final  results.  To  be  effective,  the  procedures  used  must  address  the 
following  factors: 

o  The  procedures  must  be  applicable  to  each  design  phase  (conceptual,  preliminary  and  detail).  The  requirements 
imposed  in  each  phase  must  also  be  achievable  with  the  level  of  vehicle  definition,  analysis  tools,  resources,  and 
verification  techniques  employed  within  that  phase. 

o  The  procedures  must  be  based  on  a  well-defined  design  and  analysis  methodology  that  is  consistent  with  current 
structural  design  procedures,  including  the  methods  employed  in  durability  and  damage  tolerance. 

o  The  structural  design  parameters  and  measures  implemented  must  be  capable  of  being  efficiently  integrated  into 
the  assessment  of  total  vehicle  survivability.  The  measures  of  structural  hardness  adopted  must  be 
understandable  to  structural  designers,  survivability  specialists,  and  system  analysts.  This  requirement  has 
become  very  important  due  to  the  increasing  need  to  demonstrate  the  cost-effectiveness  of  alternate 
configurations  and  technology  developments  in  terms  of  system  life-cycle  cost  improvements. 

Design  procedures  which  incorporate  these  factors  are  presented  below,  defining  the  specific  implementation  of  the 
survivable  structure  design  methodology  summarized  in  the  previous  paragraphs.  These  procedures  include: 

1.  Structural  Survivability  Assessment, 

2.  Threat  Definition, 

3.  Mission  Definition, 

4.  Threat  Encounter  Definition, 

5.  Critical  Structure  Identification, 

6.  Damage  Size  Determination, 

7.  Residual  Strength, 

8.  Cyclic  Loading  After  Impact, 

9.  Rigidity  and  Stiffness  After  Impact. 

3. 1.2.1  Structural  Survivability  Assessment 

To  verify  that  the  damaged  aircraft  can  sustain  the  speeds  and  load  factors  required  for  mission  performance,  the 
structural  capability  of  the  damaged  aircraft  must  be  greater  than  the  structural  requirements  of  the  appropriate 
combat  missions.  Verification  must  be  performed  at  each  phase  of  system  development.  The  methods  used  must  be 
consistent  in  level  of  detail  with  the  structural  definition  and  sizing  procedures  used  during  each  development  phase. 
The  verification  must  incorporate  the  probabilities  associated  with  impact  location,  damage  size,  material 
performance,  residual  strength  and  stiffness  capability,  and  external  loading  requirements.  The  elements  defined 
below  must  be  addressed. 

3. 1.2.2  Design  Threat  Definition 

A  design  threat  must  be  established  for  structural  survivability  assessment.  The  design  threat  is  used  to  determine 
the  specific  projectile  induced  effects  which  the  structure  will  be  designed  to  survive.  Selection  of  the  design  threat 
must  be  based  on  an  assessment  of  the  probable  threats  encountered  in  the  intended  operational  environment  of  the 
aircraft.  However,  this  is  not  the  only  consideration.  An  additional  consideration  is  the  capability  to  quantitatively 
define  the  effects  of  the  threat.  If  there  is  insufficient  available  data  to  do  this,  the  threat  is  unsuitable  for  use  in 
conceptual  and  preliminary  design.  It  must  be  kept  in  mind  that  the  threat  specification  is  for  use  in  design,  and  does 
not  represent  a  vulnerability  level  for  the  aircraft.  For  example,  an  aircraft  structure  designed  using  a  single  hit  by  a 
.50  caliber  bullet  as  the  design  threat  will  have  some  level  of  survivability  against  multiple  impacts,  and  against 
larger  threats. 

3. 1.2.3  Mission  Definition 

The  mission  profile(s),  defining  aircraft  altitude  and  air  speed  from  take-off  to  base-return  and  landing,  must  be 
established  for  structural  survivability  assessment. 

3. 1.2.4  Threat  Encounter  Definition 

Using  the  design  threat  and  the  established  mission  profile(s),  the  following  must  be  established: 

a.  Mission  segments  where  the  threatls)  will  be  encountered,  including  the  weapon  deployment  density  and  the 
anticipated  rate  of  fire  at  each  encounter  point. 


b.  Aircraft  configuration  at  each  projectile  encounter  point,  including  weight,  distribution  of  fuel  and  depth  of  fuel 
in  each  tank,  description  and  location  of  ordnance  and  external  stores. 

c.  Aircraft  altitude,  speed,  and  physical  environment  at  each  projectile  encounter, 

d.  Probable  obliquity,  projectile  striking  velocity,  and  apparent  yaw  relative  to  the  aircraft  coordinate  system. 
3.1.2.}  Critical  Structure  Identification 

A  failure  modes  and  effects  criticality  analysis  (FMECA)  of  the  aircraft  structure  must  be  conducted  to  identify 
and  classify  all  flight  and  mission  critical  structural  elements  with  regard  to  level  of  criticality.  Failure  modes 
should  be  defined  for  each  critical  structural  element  relative  to  the  damage  mechanisms  associated  with  the 
threat(s)  defined  in  3. 1.2. 2. 


3. 1.2.6  Damage  Size  Determination 

A  damage  prediction  analysis  must  be  performed  to  estimate  the  extent  of  damage  to  critical  structural 
elements  resulting  from  the  threat  and  encounter  conditions  determined  in  3. 1.2.2,  3. 1.2. 3,  and  3. 1.2.4.  As  a 
minimum,  the  analysis  should  include! 

a.  An  estimation  of  the  maximum  damage,  least  damage,  and  mean  damage,  including  their  associated  probabilities 
of  occurrence  resulting  from  uncertainties  in  encounter  conditions  and  the  locations  of  the  impact.  The  damage 
estimates  should  include  percent  of  section  removed  and  the  corresponding  effective  flaw  size  for  determining 
residual  strength  for  the  primary  loading  conditions. 

b.  An  assessment  of  the  effects  of  projectile  striking  velocity  and  obliquity,  structural  material,  configuration  and 
thicknesses.  Sensitivity  factors  should  be  determined.  Interaction  between  penetrator  damages  should  be 
considered  if  the  analysis  defined  in  3. 1.2.4  indicates  a  significant  probability  of  multiple  penetrator  impacts. 
Interaction  between  projectile  impact  and  blast  pressure  loading  should  be  considered  when  applicable. 
Hydrodynamic  ram  effects  should  be  assessed  based  on  the  results  obtained  from  3. 1.2. 4. 

c.  A  consideration  of  the  type  of  structure.  Unless  analysis  demonstrates  that  the  projectile  damage  will  not 
propagate,  the  entire  damaged  load  path  shall  be  assumed  destroyed  in  multiple  load  path  structure  and  the 
damage  shall  be  assumed  to  propagate  to  the  next  undamaged  crack  stopper  for  crack  arrest  type  structure. 

d.  A  consideration  of  the  effects  of  impacting  loaded  structure.  The  damage  size  prediction  should  include  the 
potential  damage  augmentation  associated  with  the  specified  load  level  at  impact. 

3. 1.2.7  Residual  Strength 

For  each  design  threat,  mission,  and  encounter  condition,  the  residual  strength  capability  of  the  damaged 
aircraft  structure  should  be  determined.  The  assessment  results  should  be  expressed  in  terms  of  probability  of 
structural  survival  given  a  hit  as  a  function  of  load  factor,  incorporating  the  probability  associated  with  striking 
strength  critical  structure  combined  with  the  probability  associated  with  the  damage  size  resulting  from  the  threat 
encounter.  An  example  of  this  presentation  is  shown  in  Figure  3-7.  Redistribution  of  the  internal  loads  in  the 
damaged  structure  should  be  determined  where  appropriate.  The  effects  of  transient  and  steady-state  heating  should 
be  included.  Unless  other  criteria  are  specified  by  the  procuring  activity,  aircraft  damaged  by  the  design  threat 
should  sustain  the  loading  requirements  defined  below. 


Figure  3-7.  Typical  Probability  of  Survival  of  a  Structural  Component  Impacted 
by  an  AAA  High-Explotive  Profactile 
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3.1.2.7.1  Strength  Requirements  At  Impact 

The  aircraft  should  be  capable  of  sustaining  a  single  impact  by  the  design  threat  without  failing  strength  critical 
structure  when  loaded  at  the  time  of  impact  to  two-thirds  of  limit  load. 

3.1. 2.7.2  Strength  Requirements  After  Impact 

The  damageJ  aircraft  should  be  capable  of  sustaining  limit  load  without  failing  rtrength  critical  structure  during 
the  remaining  mission  profile. 

3.1.2.8  Cyclic  Loading  After  Impact 

The  alteration  or  extension  cf  the  projectile  damage  caused  by  the  cyclic  loading  environment  should  be 
determined  for  the  mission  segment  between  projectile  impact  and  return  to  base  or  sortie  completion,  and  the 
effects  of  this  alteration  or  extension  should  be  considered  in  determining  the  strength  requirement  of  3.1 .2.7 .2,  and 
the  stiffness  and  rigidity  requirements  of  3. 1.2.9. 

3. 1.2.9  Rigidity  and  Stiffness  After  Impact 

After  being  damaged  by  the  design  threat,  the  aircraft  should  be  free  from  flutter,  divergence,  and  other 
aeroelastic  instabilities  at  all  speeds  up  to  the  limit  speed  for  the  remainder  of  the  mission  profile  for  each  threat, 
mission  and  encounter  condition  specified.  Freedom  from  flutter,  divergence  and  other  aeroelastic  instabilities  of 
the  damaged  aircraft  should  be  verified  for  the  minimum  altitude  at  which  the  limit  speed  can  be  obtained  and  the 
minimum  altitude  at  which  the  maximum  dynamic  pressure  can  be  obtained.  The  effects  of  transient  and  steady- 
state  heaing  should  be  included.  Verification  should  be  based  on  measured  vibration  modes  when  available.  A 
sufficient  number  of  nodes  should  be  used  to  assure  accurate  representation  of  the  important  dynamic  characteristics 
of  the  damaged  aircraft.  Results  should  be  expressed  as  a  probability  of  structural  survival,  incorporating  the 
probabilities  associated  with  damaging  stiffness  critical  structure  combined  with  the  probability  of  encountering 
aerodynamic  conditions  sufficient  to  cause  the  unacceptable  degradation. 

3.2  DESIGN  TECHNIQUES  FOR  IMPROVING  PR03ECTILE  IMPACT  DAMAGE  TOLERANCE 

The  previous  paragraphs  outlined  procedures  for  assuring  that  the  consequences  of  projectile  damage  ate 
quantitatively  considered  in  structural  design.  This  section  presents  some  design  techniques  which  are  useful  in 
improving  the  survivability  of  structure  to  projectile  impact.  The  designer  can  employ  several  techniques  for 
improving  the  capability  of  aircraft  structure  impacted  by  projectiles,  including: 

a.  Reducing  the  probability  of  hitting  critical  structural  elements, 

b.  Improving  the  damage  resistance  of  structure, 

c.  Improving  the  damage  tolerance  of  structure. 

Reducing  the  probability  of  hitting  critical  structural  elements  can  be  accomplished  by  reducing  the  size  of 
critical  elements,  locating  critical  elements  so  that  they  are  shielded  by  less  critical  components,  or  locating  critical 
elements  so  that  they  are  removed  from  a  probable  projectile  flight  path.  These  techniques  can  be  highly  effective, 
but  they  will  not  be  discussed  further  here  because  they  are  too  dependent  upon  design  configuration  to  permit 
generalization. 

The  damage  resistance  of  a  structural  element,  as  shown  in  Figure  3-8,  is  measured  by  the  extent  of  damage 
inflicted  by  a  given  threat.  The  importance  of  damage  size  in  the  assessment  of  structural  survivability  cannot  be 
over-emphasized,  since  failure  criteria  for  structure  depends  on  damage  size.  This  is  in  contrast  to  failure  criteria 
for  many  other  aircraft  system  components  that  can  often  be  rationally  based  solely  on  penetration.  Material 
properties  and  geometric  configuration  determine  damage  resistance.  For  example,  2024-T3  aluminum  is  more 
damage  resistant  (exhibits  less  cracking)  than  7075-76  aluminum  when  exposed  to  projectile  impact.  In  general,  the 
use  of  high-toughness  materials  will  improve  damage  resistance. 

Damage  tolerance,  on  the  other  hand,  is  measured  by  the  ability  of  the  structure  to  contain  or  "tolerate"  damage 
of  a  given  size  while  completing  mission  requirements.  A  damage-tolerant  structure  is  obtained  by  careful  attention 
to  both  detail  design  and  material  selection.  Multiple  load  paths,  and  multi-element  configurations  such  as  skin  with 
stiffeners  capable  of  limiting  or  containing  damage  extension  contribute  to  improved  damage  tolerance.  Damage 
tolerance  should  be  considered  in  the  design  of  every  major  primary  structural  component.  Multiple-load-paths 
should  be  separated  to  minimize  the  possibility  of  critical  damage  from  a  single  impact.  Short  load  paths  are 
recommended  to  minimize  total  vulnerable  area.  Flammable  and/or  explosive  components  should  not  be  placed  near 
primary  load  paths. 

In  areas  where  both  members  of  a  dual  load  path  could  be  damaged  by  a  single  impact,  and  where  design 
(geometry)  limitations  restrict  the  use  of  redundant  structure,  special  effort  should  be  made  to  provide  damage 
resistance.  This  is  achieved  by  minimizing  the  exposed  area  and  using  damage-resistant  materials.  Good  damage 
resistance  will  also  enhance  repair  capability,  since  repair  times  are  frequently  proportional  to  damage  size. 

The  above  general  design  considerations  are  deceptively  simple.  Their  application  in  specific  circumstances  is 
complex,  ana  requires  both  design  awareness  end  inventiveness.  Designers  need  analytical  tools  in  order  to 
implement  the  structural  survivability  design  methodology,  and  these  tools  must  be  formulated  in  terms  of  design 
parameters,  sc  that  the  effects  of  design  alternatives  can  be  evaluated.  Basic  design  techniques  which  provide 
survivable  structure  are:  1'  assuring  that  sufficient  load  paths  remain  after  damage  infliction,  and  2)  assuring  that 
the  damage  is  contained  at  the  maximum  loading  condition  following  damage  infliction. 

The  second  technique  makes  use  of  damage  tolerance  approaches  which  are  also  applicable  to  fail-safe  design 
relative  to  fatigue  and/or  initial  defect  damage,  with  the  exception  of  inspection  for  damage,  plus  the  additional  need 
to  consider  dynamic  effects.  The  first  technique,  however,  entails  some  analysis  approaches  that  are  more  unique  to 
projectile  damage,  particularly  when  the  design  threat  can  impose  large  damage,  causing  significant  internal  load 
redistribution.  The  development  of  projectile  damage  resistant/tolerant  load  paths  for  a  structural  component  might 
proceed  in  the  following  way  during  preliminary  design: 
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1.  Develop  a  damage  size  analytical  model  for  the  design  threat  impacting  the  structural  materials  being 
considered  for  the  component. 

2.  Using  the  damage  size  model,  define  the  layout  of  primary  load  paths  in  such  u  way  that  the  destruction  of  load 
paths  is  minimized  for  a  hit  by  the  design  threat.  For  example,  spar  spacing  might  be-  defined  such  that  only  one 
spar  can  be  destroyed  by  the  Impact. 

3.  Use  a  finite-element  structural  analysis  model  of  the  component  to  determine  the  distribution  of  internal  loads 
at  the  loading  conditions  corresponding  to  the  projectile  damage  critical  design  requirements. 

4.  After  the  finite  element  model  to  incorporate  the  effects  of  the  Imposed  projectile  damage,  and  determine  the 
internal  loads  existing  in  the  damaged  configuration.  Resize  structural  elements,  if  necessary,  to  assure 
sufficient  residual  load-path  capability. 
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Figure  3-8.  Damage  Resistance  anH  Tolerance 
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